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NDRC FOREWORD 

EVRNTS OF THH YBIARS preceding 1940 rcvenlecl A more and more clearly the seriousness of the 
world situation, many scientists in this country came 
to realize t,he need of organizing scientific research lor 
service in a nst,ional emergency. Recommendations 
which they made to the IVhit,e House \ver~  A g. w e n  care- 
ful and sympathetic attention, and ss  a result thr Na- 
tional Defense Research C:ornmittee (NDRC) \\:as 
formed by Executive Order of the President in the 
summer of 1.940. The members of NDRC, appointed 
by the President,, were inst,ruc:tr:d to supplement the 
work of the Army and the Navy in the development 
of the instrrlmentalities of u-nr.. h year later, upon the 
esta,blishment of the Office of Scientific Resca.rch and 
Development (OSRII)), NDRC became one of its 
units. 

The Summary Technical Rcport of NDRC is a 
conscientious effort on the part of XDBC to s1,lmmar- 
ize aad cvaluate its work and to present it in a useful 
and permanent; form. I t  comprises some seventy vol- 
umes brolren into groups corresponding to the KDRC 
Divisions, Panels, and Committees. 

The Summary Technical lleport of eacll Division, 
Panel, or Commitkee is an integral survey of the ~~-o r l ;  
of that group. The first volume of each group's report 
contains a summary of t,he report,, stating the prob- 
lems presented snd the philosophy of attacking them, 
and summarizing the results of the research, develop- 
ment, and training activities undertaken. Some vol- 
umes may be "state of the art" treatises covering 
subjects to which various rcseardl groups have con- 
tributed information. Others may contain descrip- 
tions of devices developed in the laboratories. d mas- 
ter index of all these divisional, panel, and committee 
reports, which t,ogether con~t~itute the Summary 
Technicltl Report of NDRC, is contained in a sep- 
arate volume, that also juc1ud.e~ the index of a micro- 
film record of pertinent technical laboratory reports 
and reference mat,erial. 

Some of the NDRC-sponsored researches which 
had been declassified by the elid of 1.945 were of 
sufficient populas interest that it 11-n~ found desir~ible 
to report them in the form of monographs, such as 
the series on radar by Division I4 and the monograph 
on sampling inspection by the Applied Mathematics 
Panel. Sincc thc material treatcd in them is not, du- 
plicated in the Summary 'l'echnicul Report of NnRC, 
the monographs are an important part of the story 
of these aspects of KDRC research. 

In con.trast to the information on radar, \v-hich is 
of witle-spread interest and much of which is relet~sed 
to the public, the research on subsurface warisre is 
largely classified and is of gencrnl interest to a more 
restricted group. As a consequence, the report of 
Division 6 is found almost entirely in its S1.1mmar.y 
Technical Report, mhicll runs to over 20 volumes. 
The exlent of the work of a division cannot therefore 
be judged solely by the number of volumes dcvot,ed 
to it in t,lle Summary T'echnic~~l Rcport of NDIIC: 
accoullt must be taken of the monographs and avail- 
able reports published elsewhere. 

Division 1, under the leadership of its Chief, L. I-I. 
,Idams, conducted a program of research in the field 
of hypervelocity guns. Its main responsibility mas to 
studv the effects of gun erosion and the erosive qual- 
ities of the common propellants, in order that Ineans 
cvuld be found for prolonging thc life of guns firing 
: ~ t  muzzle velocities higher than the pre-war musi- 
mum of 3,000 feet per second. 

The cont,ra.ctor of the Division developed several 
highly erosion-resistmt materials, and means were 
found for the preparation of these alloys in forms 
suitable for use as bore-surface matserial. Stellite, one 
of these alloys, when applied to caliber .50 machine- 
gun barrels as :? short breech liner, increased their 
life several fold under severe conditions, especially 
11-hen the bore surface ahead of thc line]: mas chrom- 
ium plated. As the 11-ar came to an end, an experimcn- 
tal 90-mm gun. (to fire at  a niuzzle velocity of a t  
least 4,000 Ips) ]\-as bcing developed, and further 
w-ork on it was turned over to the Army, while the 
Sas-y ma,s able to take over the plans for the fabrica- 
tion of a molyI?denurn liner for its nc\v 3-inch/TO- 
caliber gun. 

The Summary Technical Report of Division 1, 
prepared under the direction of the Division Chief, 
and authorizecl by him for publication., is a record of 
this ~vorlr, and a comprehensive review of the state 
of the art. T t  also stands as a testimonial to the energy 
and rcsourcefulness of t,he personnel of the Division, 
\J-hose contrik~utions to the war effort are 11-orthy of 
grateful appreciation. 

\ ' .$rh-~v~~n B u s ~ ,  Director 

Oflce q/ ScientzJc Research a n d  Devebopinent 





FOREWORD 

A FOXJR-YEAR program of resnurch and develop- 
ment in which experienced investigators from 

leading universities, froin other academic institu- 
tions, and from comnlercial organizations with com- 
petent research and engineering departments work 
together on a series of closcly integrated problems is 
almost certain to uncover a variety of interesting 
facts and generali~at~ions. In  the case of a broad as- 
signment, like that of Division 1, NDRC, involving 
a number of fields in chemistry, physics, metallurgy, 
mathematics, and engineering, it  is especially desira- 
ble for the new knowledge to be consolidated in the 
form of a Summa~y Technical Report, as specified by 
OSB.D, for the benefit of those who in the future 
may wish to pursue furthcr the problems that mere 
st,t,acked. Although the fmdings of Division 1 are 
covered in great detail by a series of 3.44 formal re- 
ports on various ,subjects, in addition to n,unlerou,s 
interim reports submitted by the 29 different con- 
tr.act,ors, it  was decided by Division 1 that its Sum- 
mary Technical Report should be inore than merely 
a collection or a condensation of prcvious reports. 
Instead, as is brought out in the Editor's preface, it  
deals systematically, although briefly, with the sub- 
ject of hypervelocity and the control of gun erosion 
in relation to work of the Division. I t  is intended 
that by the selection of results and conclusions, as 
well as by the sequence of topics, the Report should 
tell a story of an interesting adventure in scientific 
collaboration. 

In formulating the prograil and in supervising the 
work of the various groups, it \\-as decmed essenti:tl 
that a well-rounded series of investigations, includ- 
ing research as well as tlevelopment and testing, be 
set up. It \+-as felt that even in TI-artiine, fundamen- 
tal research is essential for real progress. KO small 
part of whatever success Division 1. may have at- 
tained in a field requiring fresh ideas and novel pro- 
cedures \\-as largely a result of the attitu.de of NDRC 
to~vard research. In confornlity with t,he fixed policy 
of that agency of the Government with reference to 
the handling of contrscts, particular care mas exer- 
cised in Division 1 not to have Government officials 
substitute thcir ow11 ideas for those of the skillcd 
scientists in the associated research groups. Rather, 
the investigators, engaged as they were in exploring 
the unknown, were given the utmost freedom of ac- 

tion consistent with focusing their efforts on the 
central problem. 

The rcsults of those efforts are outlined in this vol- 
ume. I t  mrty be seen that the accolnplishments are 
mainly of two kinds: First, the obtaining of a better. 
understanding of gun erosion and the means of com- 
batting it;  and second, the developnlent and testing 
of specific meth.ods for the solution of the hypervelo- 
city problem. As a by-product of the main invcstige-- 
tion, there was obtained a notable improvement in 
machine gun barrels-,.the need for which was not 
x-isualizcd when the original program was formu- 
lated. 

To all those who collaborated or otherwise aided 
' 

in this undertaking, the Division Chief is deeply in- 
debted: the contractors' einployees who worked to- 
gether energetically and har~noniously in the com- 
lnon cause; the Division staff menlbers who per- 
formed patiently and effectively a variety of difficult 
tasks; and the t,echnic~tl representatives of om Bri- 
tish and Canadian allies \vho gave encouragement, 
and valuable advicc. I t  is a pleasant duty to record 
also the debt of gratitude that Division 1 owes to 
those individuals in the Navy Department and the 
War Dep~trtment, acting formally or informally in a 
liaison capacity! with most of whom constant and 
almost daily contact \\-as maintained: 111 the Navy 
Bureau of Ordnance, anlong others, Captain G. L. 
Schuyler, Captain J. S. Chalnplin, Commander E. A. 
Junghans, Mr. C. B. Green, and especially Lieu- 
tenant Commander B. D. Mills, Jr. ; in the Army Ord- 
nance Department M~ljor H. A. Ellison, Mr. n. E. 
Anderson, Mr. M. C. Miller, Mr. C.;. E. Stetson, and 
especially Mr. S. Feltman; a t  Aberdeen Proving 
Ground Mr. R. H. Kent; and a t  Waterto~m Arsenal, 
Dr. P. R. Kosting. Above all, without the wise coun- 
sel and unfailing patience of Colonel S. 13. Ritchie, 
progress would have been much more difficult. 

Special credit is due Dr. J. S. Rurlem, the Editor of 
this volume. His skill in arranging for the orderly 
presentation of the joint efforts of a large group of 
authors is matched only by his energy and enthusi- 
asm in carrying the undertaking through to the end. 

Chief, Division I 

vii 





PREFACE 

I OF THE SIGNIFICANT FEATURES of tlie investi- ON" gation by Division I, NDRC, of the mechanism 
of gun erosion and of means of attaining hyperveloc- 
ity mas the close integriztion of its various phases. 
Not only \\-ere tlic several major projects made up of 
interrelated ~ubproject~s, b ~ t  also tlicre \\-ere many 
aspects that \\"ere common to two or more of thc 
major projects. This sittuation has been reflected in 
the Division's Summary Tec,hnical Report. 

The rcport \\-as planned as n logicad exposition of 
the different aspects of the main pro1)lrm denoted by 
its title "Hypervelocity Guns and the Control of Gun 
Erosion." In relating the final status of the i~ivestiga- 
tion, no attention has been paid to the M-ay in \I-liich 
the program had been organized by projects or as- 
signed to different contractors, lor such divisions 
were useful only during the administration of tha 
progrttrn. Instead, chapters have been allotted to 
those subjects considered to be of principal impor- 
tance. Thus, the report is a unified one rather than 
mercly an assemblage of separate documents. 

At the samc time, i t  is re:jdixed that the Summary 
Technical Report is i~lt~ended to be co~lsulted as a 
reference work, as \!-ell as to be read in its entirety. 
I-Ience an attempt has bee11 made to have each chap- 
ter nearly m independent unit. For this rcason there 
is some duplication of material, since occasionally i t  
has been desirable to consider the same subject from 
more then one point of view. Frequent cross refer- 
ences to other part,s of t,he volume have lcept such 
duplication to a rninimunl. 

The entire report \v-as planned in izdvance and the 
topics to be included in each chapter \\-crc specified. 
The order of treatment of these topics and the em- 
phasis to be placed on each, however, usually 11-ere 
left to  the authors. Wien a topic assigned t,o one 
chapter was very closely relat'ed to thc subject mat- 
ter of another, the more appropriate place was not 
always apparent until both chapters had beer1 writ- 
ten. In some cases the editor, \\-ith tlie a~ t~hor s '  pcr- 
mission, moved material from one chapter to another. 
One feature that is common to many chapters is that 
the first section not only serves to introcl~~cc a new 
subject but idso furnishes a resum6 of the chapter. 

The chief source mat,erisl for the Division I STK. 
consists ol the 143 formal rcports, listed in the first 
part of the Bibliograpliy, \\-hidl wcrc prcpared for 
issuance in mimeographed format for the Jlivision by 

the T~chrlicill Reports Section of NDRC. These 
classified reports, in which is presented the essential 
information gained by Ilivision. 1, c~nt~ractors, have 
been deposited in ti number of Service lihrarics and 
copies of them are izvailable as microfilms. Because 
of lack of funds and personnel during the final stage 
of the demobilizaLion of OSBD, it was not possible to 
have all these reports mimeographed. Consult the 
parsgraph at  the beginning of tthe B?bliography 
concerning tllcir availability. In some instances sup- 
plementary details, wch as dimensioned drawings or 
additional ex.;perimental data, may be found in the 
nionthly progress reports or the interim reports from 
contractors. If so, appropriate reference is made in 
the formal report concerning the location of the com- 
plete files of these reports. 

Every important topic covcrt:d by the Division I 
formal reports is mentioned in the STR (with a refer- 
ence to the appropriate report), so that it is a key to 
the entire worli of Division 1 and its contractors. Be- 
cause of the close depe~idence of the STR on this 
body of Division I reports, i t  has not scemed neces- 
sary to usc quotation marks in those cases ~vllere 
sentences havc twen lifted bodily or \\.hole sect,ions 
have been pi~raphrased, especially \\*hen the aut,hor 
of a chapter of the STR was also author of the report 
on \vhicli it was based. Even. when this is riot the 
case, it is hoped that citation of the original report 
will suffice tto give proper credit to its author. 

The other sources for the STR are ~llso listed in the 
Bibliography under appropriate headings that indi- 
c,ate tlie organizn.tion issuing the report. All these 
reports are referred t,o specifically in tlie test of 
XTR, except lor British rcports:' that surnrnarize the 
work of Division I .  

principal objective sought in the preparation 
of the STR has been the integration of the knowledge 
gained by Division 1 in its broad investigation of 
erosion and llypervelocity, in order to orient the 
reader with respect to the \\-ork described in t,he 
formal rcport,s from the Division. Chapter I R  on ero- 
sion-resistant m,zterials is s n  especially striking 
example of this leature. I t  presents results from 
many sources and shows ho\v all of thcm fit, into a 
~r;inglc program of investigat,i.on. Furthermore, the 
prepa1.ation of the STR has given opportunity lor -- 

"These reports are listcd as the follo~ving ilerns in the 
Bibliography: 356, 360, 400, 407, 408, 409, 410. 



x PREFACE 

some of the investigators to revie\\. and re-evaluate 
the results of thcir work as a whole, whereas pre- 
viously i t  had been reported piecemeal. 

In lieeping with the general purpose of the Sum- 
mary Technical Reports of NDRC, an effort; has 
been made to have as many as possible of the chap- 
ters present the "state of the art" with respcct to the 
subject treated therein. There is considerable vari- 
ability in this respect. Thus, a t  one extreme, Chapter 
5 ,  which deals with the heating of guns during firing, 
is bsscd on Army, Navy, and British reports to as 
great an extent as it is on Division 1 reports and there- 
fore approaches a summary of the state of the art. 
Although Chapters 22, 23, and 24 are limited to a 

authors the editor is indebted personally for the 
privilege of having worked with them. 

In addition to having been reviewed by the Divi- 
sion Chief, nearly every chapter has been reviewed 
by a t  least one other person who has an intimate 
knowledge of the subject matter, either through hav- 
ing been associated with the investigation itself or 
through having followed the work closely. The 
valuable suggestions made by these reviewers are 
hereby acknowledged. The persons who served Di- 
vision 1 in this way and the chapters thai they re- 
viewed are included in the folloxving list. 

CHAPTER 

W. S. Benedict, National Bureau of Standards. -5 ,  I1 
recital of Division 1's cxperience, they present the F. A. Biberstein, The Catholic University of 
state of the art with respcct to the development of . . . . . . . . . . . . . . . . . . . . . . . . . .  America 27 
improved machine gun barrels, for the Division has 
been the only contributor in the field. On the other H. L. Black, Technical Aide, Division 3 ,  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  hand, a number of the chapters, notably Chapters 4, NDRC. 
8.9,26,27, and 28, deal ~ v i h  only that limited aspect 

Blum, National of s t anh rds ,  , , , 2 3 ,  25 
of a generad subject that was applicable to Division 
1's program. P. 1-1. Rracc, Westinghouse Research 

Because so many of the mathematical equations Laboratories.. . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 
have been taken from reports already issued, ZL con- H. C. Cross, War Metallurgy Committee 
siderzlble diversity in notation has been introduced. 
I t  ~wts considered not worth while to make the equa- C. L. Faust, Battelle Memorial Institute.. . . . .  20 
tions uniform, for after an equation had been modi- . . .  L. H. Germer, Bell Telephone Laboratories. 21 
fied, a reader might find it difficult to  compare i t  with 
related ones in an original report. Therefore a uni- J. W. Greig, Geophysical Laboratory, 

. . . . . . . . . . . . . . . . . . . . . . . . . .  form system of notation has not been adoptled. C. I. W .  .23, 24, 29 
Many of the illustrations used in the STR have K. F. Herzfeld, The Catholic University of 

been taken from previously issued reports of Divi- America . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
sion I, as indicated by the bibliographical reference 
numbers included in the legends. A few of the illus- .J. 0. Hirschfelder, (formerly) Geophysical 
tra,tions have been taken from reports issued by the Laboratory, C. I. W .  . . . . . . . . . . . . . . . . . .  .2 ,  3, G 
Office of the Chief of Ordnance, to which apprecia- . .  F. R. Horn, The Johns Ropkins Universil;~. 14 
tion is espressed for permission to reproduce tthern. 
For some chapters special illustrations were prepared W. F. .Jackson, E. I. du Pont dc Nemours 

. . . . . . . . . . . . . . . . . . . . . . . .  by their authors. A number of other figures were and Company.. -4, 14 
executed by Mr. Ernest Albert, of the H. L. Yoh. I-I. S. clcrabek, (formerly) Geophysical 
Company, Philadelphia, Pennsylvania. . . . . . . . . . . . . . . .  T,aboratory, C. I. W .  .12, 16, 19 

The editor wishes to record the fine spirit of coop- 
eration displayed by the 25 other authors who con- R.. 13. Rent, Aberdeen Proving Ground. . . . . . .  8 
tributed to the ~ iv i s ion  1 STR. These authors, J .  F. Kincaitl, (formerly) Explosives Rescarch 
lx-kuse namesare listed in the Contents of this volume, . . . . . . . . . . . .  J,al-)oratory (Division 8, NDRC) 11.5 
either had taken part in some of the investigations or 
else \\rere members of thc Division staff. One of the Z. Kopal, Massachusetts Institute of 
greatest valucs of the book is the carelul appraisal Technology. . . . . . . . . . . . . . . . . . . . . . . . .  8 
they havc made of the vast quantity of experimental . . .  V. Lamb, National Bureau of Standards. .23, 25 
data accumulnt,ed by Division 1 contractors during 
its 4-year period of investigation. To each of these d .  3. Lander, Bell Telephone Laboratories. . . . .  1.2 
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CHAPTER 
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H. E. Mern-in, Geophysical Laboratory, 
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SUMMARY 

FIYPERVELOCITY PROBLEM 

D URING RECENT DECADES there has been a tend- 
ency to use more guns of I-righ power. There has 

not been, however, s corresponding increase in the 
maxirnuni n~uzzle velocity in common use. This 
maximunl has remained a t  about 3,000 fps, for if a 
highervelocity is used, the rate of erosion is excey-.' bsive 
and gun life is correspondingly short. 

When, in the surnrner of 1,941, the National De- 
Sense Refiearch Committee u~~der took to investigate 
means of making higher velocity guns practical, it 
was ~*ecognized that one of the principal hurdles 
would be the control of gon erosion. At the same 
time it; was deemed desirable to investigate other 
possible means of attaining this end simply by 
circumventing erosion by a change in design of the 
gun or projectile. Division 1, NDRC:, followed con- 
currently these two courses of action, accompanying 
them by s~ich i~lvest,igat,ions of interior ballist,ics as 
were nccdctl to suppleincnt existing knowledge. 

EROSION STUDIES 

The novel approach thst was adopted for the study 
of gun erosion was, in effect,, to learn the history of 
the bore surf:tce of different guns that had becn fired 
under various condit,ions. C:onsiderablc inforlnation 
was obtained from cxarnination of thc erosion prod- 
ucts Sound on- the bore surfaccs of glms worn out in 
service. Of eqr~al importance was the knowledge 
gained from special esprimcr~ts  in which a new gun 
was fired a relatively Sew rounds and then examined, 
so t,hat the com:se of the erosion process could he 
followed. A special caliber .50 hypervelocity e~.osion- 
testing gun was developed to make possible mitny 
routine firings under a variety of ~ondit~ions. One 
important series of such experiments involved a de- 
termination of the relative erosiveness of all the 
common propellants. 

Another group of erosion experiments was under- 
takes to observe t,hc effect on a steel bore surface oS 
the individual constituents of the powder gases. By 
use of the techniques of physical chemistry jt was 
denlonstrated that several of the principal constit- 
,uents react readily wit)h steel at  the temperatures 

products resulting from these resc!tiuns have a lower 
fusion range than gun steel itself. 

The evidence from these two types of erosion es- 
perimcnts has led to the conclusion that the erosion 
of a steel gun tube  result,^ from the re~ction of a thin 
layer of steel a t  thc bore surface with the powder 
gases, followed by removal of the reaction products. 
The bore-surface temperatlure pl:tys a predominant 
role in det,ermining what type of product is formed, 
although the chenlical nature of the propellant, also 
is a facttor. Furthermore, t,he higher the bore-surface 
temperature the greater thc estent to which tlle al- 
tered bore-surface material is softenedandeven fused, 
and hence Inore readily removed both by t,he powder 
gases and by the projectilc. In the case of a hyper- 
velocity gun fired wit,h a very hot propellant, fusion 
of the gun steel it,self occurs, and thc molten material 
is blown out of the bore by the powder gases. 

I<ROSION-RESISTANT MATERIALS 

Early in the course of the erosion studies some ink- 
ling of thc process deline~ted in the previous para- 
graph was obtained. Thereupon it was tentatively 
concluded as a working hypothesis (which subse- 
quent, experience confinned) that severe erosion is in- 
cvitable in a stecl gun tube, regardless of the type of 
steel, when fired under hypervelocity condit,ions 
with present-day propellants. Thereupon s search 
was begon for nonferrous materials that might be 
erosion resistant. It was soon Sound that resistance to 
erosion by the powder gases is a property of only a 
few pure metals-in particular, chromium, molyb- 
denum, tungsten, and tantIalun1-and of certain of 
their alloys. I t  was also lcar~led t,hat a vt:ry intensive 
effort wbuld be required to prepare any one of these 
metals in a forin suitable for use as a bore-surface 
material. 

Two of the erosion-~.e,sistsnt; materials ultinlately 
developed by Division 1 were applied to caliber .50 
aircraft machine gun barrels that were used in com- 
bat in the lut,ter months of the war in the Pacific. The 
one was stellite, applied as a short breech liner, 
which increased the velocity lifc of tlie barrel be- 
cause oS its high temperature strength and superior 
erosion resist,ance. The other was cl-lromium electro- 
plate applied to the hardcned bore surface of the 

and pressures prevailing in guns. Mixtures of the 
- - 

barrel, which increased the accuratly life in long 



2 SUMMARY 

bursts because it was applied in such a way that the 
muzzle end of the borc was "choked" and therefore 
did not become oversize so quiclrly from the heat of 
firing. After improved barrels of each of these types 
had been in use for a short time, a "combination" 
barrel having choked-muzzle chromium pletc ahead 
of a stellite breech liner was developed. This barrel 
had a life a t  least tenfold greater than that of a steel 
barrel when fired in long bursts (as, for example, in 
strafing) and about a threefold greater life when 
fired in very short bursts. 

A stellite liner was also applied to the Ordnance 
Department's experimental caliber .A@ machine gun 
barrel which has a muzzle velocity of 3,500 ips. 'The 
use of sucha liner may be expected to be mandatory 
for all future machine gun barrels until a superior 
bore surfacc material is developed. One possible su- 
perior material is a chromium-base alloy which can be 
fired with double-base powder., ~vhereas a stellite liner 
melts under these conditions. This alloy requires fur- 
ther development to improve its ductility. 

The most promising rnaterial so far developed for 
the bore surface of a hypervelocity medium-caliber 
gun is hardened molybdenum. The problem has been 
to learn how to fabricate pieces of ductile molyb- 
denum large enough for use as gun liners, and how to 
harden the met,al sufficiently so tjhat i t  ~vjll withstand 
the swaging action of a projectile during engraving. 
This goal was ach.ieved in liners for the caliber .5@ 
erosion-testing Run. Plans were then developed for 
equipment with which to apply the sa,me techniques 
to the fabrication of pieces large enough for liners for 
a 3-in. gun. After OSRD's contracts had been term- 
inated, the Bureau of Ordnance, Navy Department 
continued this work. 

BALLISTIC STUDIES 

In the study of the fundamental causes of gun ero- 
sion, knowledge of the physical conditions existing in. 
the gun bore during firing was important. Hence the 
process of the burning of powder was studied, a 
means was developed for measuring the temperature 
of the powder gases, and the chemical composition of 
these gases was determined. 

Two other series of measurements dealt with the 
heat input to the bore surface of a gun during firing 
and with thc rise of temperature of thc bore walls, 
especially of a machine gun barrel during the firing of 
a long burst. From these experimental data i t  was 
possible to arrive a t  much closer approximations to 

the bore-surface temperature than had been hereto- 
fore possible. These results werc of inestimable value 
in the forinulation of the final explanation of the 
proccss of erosion. 

Theoretical determinations of bore-surface temper- 
atures reyuircd the development of an improved sys- 
tem of interior ballistic calculations. After the ground- 
work in the developnlent of this systemhad beenlaid, 
its usefulness for other FUrpOSeS was realized an,d ad- 
ditional work was done to simplify the computations. 
One advantage of this system over others commonly 
used is that various empirical factors can be itllomed 
for explicity. As additional information is gained, it 
can easily be incorporated in the system with a 
resulting improvement in accuracy. This system 
proved to be useful not only in routine ballistic cal- 
culations but also in analyses of the ballistic factors 
that .enter into a consideration of an increase in 
muzzle velocity. 

Experimental ballistic firings were conducted in an 
effort to obtain more precise information about the 
effect on the behavior of a gun of variables such as 
the weight and composition of the powder charge and 
the projectile band diameter. A new device, termed 
the "microwave interferometer" was developed for 
measurement of proje~t~ile movement down the gun 
bore. 

Strain-gauge measurements made on the exterior 
of the gun barrel during these experiniental firings 
were corrclatcd with static measurements from a 
study of band prcssure. The results were applied to 
both projectile design and gun design. 

Exterior ballistics and terminal ba,llisti.cs of hyper- 
velocity projectiles were subjects of corollary inter- 
cst but were not investigated extensively by Divi- 
sion 1. The theory of the motion of a cone moving a t  
high velocity \vrts extended to take into account the 
effect of yaw. Observations \yere made of the disrup- 
tive effect of a hypervelocity projectile upon entering 
a liquid. 

SUBCALIBER PROJECTILES 

The muz~le  velocity of any existing gun can be in- 
creased considerably by firing from i t  a subcaliber 
projectile. I t  seems to be a fairly safe assumption, 
although not actually demonstrated by experiment, 
that the rate of erosion of such s gun is considerably 
less than the rate of erosion of a conventional gun 
firing a standard projectile a t  the same velocity. 
Hence the use of n subcaliber projectile is a means of 
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attaining hyper~elocit~y \\-ithout a marked increase 
in erosion. 

For this reason Division I sponsored the develop- 
ment of LL sabot-projectile, mhich is one type of' sub- 
caliber projectile. Considerable attention \\-as paid to 
the use of plastics in such projectiles for the purpose 
of reducing ~veight; but dimensional instability of 
plastics when exposcd to va~iations in atmospheric 
conditions nlade it, impossible to develop a satisfac- 
tory design. Preliminary tests of the final design of an 
all-steel 90-mn~ sabot-projectile with an 8-lb tungsten 
carbi.de core, ti-llich \Irere 11-rade just before the \\:ark 
\\-as terminated, indicated that by the use of such a 
projectile the muzzle velocity of tthe standard gun 
was ,raised from 2,700 to 3,700 fps. The projectile's 
accuracy mas as good aa that of the standard 90-mm 
pro5 ectile. 

hnotlier type of subcaliber projeotilr! is a skirted 
one, to be fired from a tapered-bore gun. Experiments 
with ta,pered-bore guns of different proportions 
showed that the most successful type is one having a 
short unrifled tapered section a t  the muzzle end. The 
simplest \\lay t,o provide such a tapered section is by 
attaching a short muzzle adaptor to an existing gun. A 
satisfactory means of doing this for a 57-mi11 gun was 
developed, together with a design of an annor-pierc- 
ing tungsten carbide-cored projectile 11-hich had :t 

muzzle velocity of 4,200 fps. 111 this case, also, pre- 
liminary tests sho\\-ed that the accuracy lj-aa a t  lcast 
as great, if not greater than that of the standard round 
fired a t  a velocity of 2,800 fps from the same gun 
I\-ithoiit a, lnllzzle adaptor. 

LINERS AND OTIIER FEATURES 
OF GUN DESIGN 

The development of erosion-resistant iiiaterirtls 
naturally led to efforts to utilize thcrn to best advan- 
tage. With respect to machine-gun barrels, i t  ~-:u 
demonstrated that the utilization of the full potenti- 
alities of st,ellite liners and of chro~niunl e1ecf;roplates 
demanded a barrel having a slightly greater \\all 
thickness and made of steel having greatcr strength 
a t  high tempernt,ures. In preliminary tests such an 
improved barrcl sho\wed a severalfold increase in life 
compared with an a,ssemhlj~ consisting of the ordi- 
nary barrel with the s:~me liner. 

Experience in thc application of short breech liners 
to medium-calibcr guns was obtained by the develop- 
ment of a successful design of replaceable steel liner 
for a 90-mm gun. Suclz a liner was considered origi- 

nally as an emergency rneans of prolonging the life of 
a, steel barrel subjected to severe firing conditions. 
Later i t  was demonstrated by trial of a 37-mm stel- 
lite liner that some features of this design were useful 
21s a means of applying an erosion-resistant ma#teri,zl 
to  a gun bore. 

Altthough chroniium is highly erosion resistant, i t  
is difficult to keep an electroplate of chromium on a 
steel gun borc surfa.ce. One of the major causes of its 
renio~ral is the high stress concentration set up during 
engraving of the projectile. Two means of preventing 
this action were tried in an effort to ellhanee the use- 
fulness of chromium plate. One mas tjhe "Fisa pro- 
tector," which is LL thin steel sleeve attached to the 
neck of the cartridge cusc and extending f'or\vard over 
the projectile as f t~ r  LLS the bour1:elet. I t  covers the ori- 
gin of rifling during engraving and then is extracted 
u<th the cartridge case. This device has not yet been 
perfected. . 

The second means of a,voiding undue stress on a 
cl~rornium-plated bore surface is a pre-engraved pro- 
jectile. Its successful utilization requires a conven- 
ient may of orienting the projectiles prior to chamber- 
ing. One self-orienting arrangement that inade use of 
pointed 1;inds in the gun was tried i.n an experimental 
llypervelocity 37-mni gun (velocity: 3,500 fps). The 
severe erosion that occurred a t  the origin of rifling in 
this particular gun tube might be prevented by the 
use of a thicker chromi~in~ plate. 
9 gun design project that was separate from the 

rest of the L)ivisionls activities was the development, 
of a.n improved mechanism for a 20-mm automatic 
cannon. Although a con~~le tc ly  satisfactory dcsign 
had not been developed by the time the project \\.as 
terminated, firing tests of the latest lnodel indicated 
the hope that one might be achieved eventually. 

EXPERIMENTAL IIYPEKVELOCTTY GUN 

After Division I.'s investigations had yielded a, ra- 
tional explanation of the phenomcnon- of gun erosion 
and had pointed the way toward the developnlcnt of 
erosion resistant materials, an attempt \\-as made to 
apply this new h o \ ~ l e d g e  to the development of a 
practical hypervelocity gun. The first step in this di- 
rcction \\-as to ha,ve been an experimental 90-nlm gun 
firing a t  a muzzle velocity of at least 4,000 fps. Tn-o 
tubes for this gun, chambered and bored but not 
rifled, were prepared before the termination of the 
Division's activities and then were turned over t,o the 
,hmy Ordnance Department for furthcr develop- 
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ment. hcc:ording to the original plans thesc tubes 
were to he.ve becn chromiu111 plated and were to have 
fired pre-engraved projectiles, and thus make use of 
the experience gained in the trial of the 37-mm tubes. 

The next step in this program was to have been the 
insertion of a molybdenum liner in another tube hav- 
ing the same ballistic characteristics. As a prelimin- 
ary, plans were made for the fabrication of a molyb- 
den.um liner for the Navy'snew3-inch/70-caliber gun. 
Upon cessation of Division 1's sponsorship, this proj- 
ect was taken over by the Navy Bureau of Ordnance. 

Mcans are thus a t  hand for an immediate study of 

some of the charac.teristics of medium-caliber hyper- 
velocity guns. What is needcd mxt  is a careful evalu- 
ation of the possible ways of utilizing erosion-resist- 
ant materials in such guns by a.ctua1 trial of them. 
Firings should be conducted to determine the apti- 
mum ballistic conditions, particularly means of in- 
creasing thc density of loading. Finally, then, by 
combining such information with that concerning the 
effects on different targets of hypervclocity projec- 
tiles, it should be relatively simple to decide on a dc- 
sign of gun best adapted to serve any particular 
Service requirement. 
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INTRODUCTION 

On \\-l~at strangc stuff ambition feeds! 
-Eliza Coolc 
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Chapter 1 

THE PROBLEM OF HYPERVELOCITY 

I T IS THE of this chapter to indicatc briefly 
the nature of the hypervelocity problem, to sum- 

marize the :~drantsg;cs of and the difficulties with 
higher muzzle velocities in guns, to indicate the meth- 
ods by which some of the difficulties l~ave  been ob- 
viat,ed, and to outline the various means that have 
been employcd to make guns of greatly increased per- 
formance practicable. Througl~out the volume as a 
whole t,hese same broad topics form the basis of de- 
t i l ed  presentatlion. The present chapter concludes 
with some remarks compftring the status of the hyper- 
velocity problem in 1946 with that; in 1.941.. 

1.1 NATURE OF TIIE PROBLEM 

Sorne Elerne~ltar~ Considerations 

A gun is a device for converting the chemical energy 
of a po~vdel. charge into mechanical energy of a mov- 
ing projectile and for launching the projecttile toll-ard 
:I, t,arget in an accm*at,elj- specified direction. Thus, it 
serves two principal purposes. As an engine, its me- 
chanical efficiency compares favorably wit11 the best 
turbines and internal conlbustion engines. For esam- 
ple, a representative gun ~vith a 3-in. bore and a muz- 
zle velocity of :tbout 2,700 ips converts 29 per cent of 
the poll-der energy into kinetic energy of the projec- 
tile. (Compsre Table 7,  Chapter 6.) Of the remaining 
71 per cent, libout 9 per cent is account,ed for by heat 
conducted into the gun barrel, the remainder being 
accounted for mainly by the heat and kinetic energy 
of the hot; gases ejected from the gun. 

IJnder favorable conditions, a greater proportion of 
the powder energy may be converted into energy of 
theproje~t~ile ; but in a gun operating at extreme muzzle 
velocities, the mechanical cficiency is lower, mainly 
because more energy is lost in the efnuent ga,ses. For- 
tunately, this falling olf in efficiency does not bccomc 
important until velocities very much higher than 
conventional ones are reached. For example, the cal- 
c~~ la t cd  value for a 90-mm gun operating at  4,250 fps 
is only about 10 per cent lo\\-er than that for an exist- 
ing gun of tmhe s:ime caliber operating at  2,700 fps. At 

'1 Chicf, Division I, KDRC. (Pr,esent address: Cieophysical 
T,abor.a,tory, Carncgie Inst i tut io~~ of \Va$hington.) 

still higher vclocities, the mechanical efficiency of a 
gun begins to drop more rapi,dly, and a t  6,000 fps 
muzzle velocity would not exceed tv-o-thirds of that 
of existing g~nns, the velocity of which seldom exceeds 
half this magnitude. 

-4 variety of complex factors, discussed in Chapters 
2, 3, 5, and 6, determine the overall eficiency and 
hence the energy and muzzle valocit,y of a given pro- 
jectile when shot from a given gun ~vith a gi.ven pow- 
der charge. Without going into details, i.t suffices for 
t,he moment to note that \vithin the range of custom- 
ary designs and for rt specified pov-der, the muzzle 
velocity depends primarily on the ratio of powder 
weight to projectile weight, snd may be varied within 
wide limits simply by changing this ratio. That is, 
with a given gun, higher velocitics may be obtained 
either by providing for more po\budcr capacit,y or by 
decreasing the weight of the projectile. Contrary to 
what has sometimes been assumed, the limiting velo- 
city of a projectile is not the velocity of sound in the 
powder gas at  the temperature and pressure existing 
in the gun during firing; velocities of 9,000 fps (about 
three times the pertinent sound velocity) have been 
obtained experimentelly. (Scc Section-3.5.2.) Rather, 
the limit is a practical one, imposed by other consid- 
erations which are listed and discussed briefly in 
Section 1.3. 

In order that the gun may fulfill satisfactorily its 
second principal purpose, namely, that of a projectile 
launcher, i t  is necessary that the projectile be ejected 
~ 4 t h  a predetermined velocity and direction. For pro- 
jectiles stabilized in flight by spinning, there is the 
a,dded requirement that the rate of spin be adequate 
for ~tabilizat~ion. That modelm guns have a remark- 
able accuracy may be enlphasized by comparing ttheir 
precision ni th that of the human eye. The best guns, 
under favorable conditions, she\\- a mean dispersi,on 
s t  the targct of less than one-half mil, or about 1 min 
of arc, ~vhich happens to be the same as the limit of 
resolution of the eyc under conditions of good light- 
ing and normal vision. Thus, with rL good gun, the 
gunner should be able to see only with dificulty the 
separate hits on th.e target at  any range. 

When a gun is fired, the bore surface deteriorates, 
and the conseqtlent alteration of the abovc-mentioned 
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ballistic factors gritdually impairs the accuracy and 
finally brings the gun to the end of its useful life. I t  
was stated in the preceding paragraph that, viewed 
as an engine, a gun is an efficient mechanism. But, 
whereas the operating life of a gasoline enginc ' 1s ' meas- 
ured in thousands of hours, that of a gun is measured 
in minutes or even seconds. This follows from the cir- 
cumstance that a gun is actually operating only while 
the projectile is passing down the bore. In a 12-in. gun 
of the usual design the travel time in the bore is about 
30 msec; and if we multiply this time interval by 350 
(a reasonable estimate for the useful life of a 12-in. 
gun) we obt,ain approsimstely 1.0 sec as the operating 
life. I t  is a curious fact t,hat the corresponding figure 
for guns of various sizes is of the same order of mag- 
nitude, provided that the muzzle velocity remains 
a,pproximately constant and the gun is fired slo7vly; 
for with smaller guns the travel time of ihe projectile 
down the bore is shorter, and (ordi.narily) the usable 
number of rounds is correspondingly greater. I t  ap- 
pears, therefore, that a gull is an efficient thermody- 
namic machine but that its life, mb.ether measured i.n 
number. of rounds or time of operation, may be dis- 
couragingly small. All efforts to ma,ke guns more 
effective must take into accomnt the element of useful 
life. 

1.1.2 Trend of Muzzle Velocities 
in the Past 

Cannon were in use as early as the 14th century, 
at  which time stone shot were fired from wrought iron. 
barrels, the propellant being a crude form of black 
powder.. Little information is available concerning 
the performance of these weapons, but i t  is unlikely 
that the muzzle velocities were more than a few hun- 
dred fps. Beginning in 1520, cast iron round shot be- 
gan to be used and muzzle v~locitics were gradually 
increased. Records of Italian guns of 1746 s h o ~  nluz- 
zle velocities in excess of 1,600 fps. A notable advance 
in ordnance began to take place about 18.50 with the 
discovery and application of progressive-burning pow- 
ders. Somewhat later, black powder, which had held 
the field in artillery for over 500 years, was displa,ced 
by nitrocellulose powder. During this same period, 
elongated rifled projectiles were developed, and by 
the year 1900 several nations were e ploying large- 
sized guns with muzzle velocities of t 3,000 fps. Sub- 
sequent to that year, there has been little or no 
change, except perhaps the use ol a greater propor- 
tion of high-velocity guns. 

I t  may be instructive to note the ratc of change of 
muzzle velocities for cannon throughout the past. For 
the 500 years ending in 1850 the average increase was 
about 5 fps per year, while for the 50 years following 
that date the average increase was of the order of 30 
fps per year. During the 4 decades su1)sequent to 
1900, the change was essentially zero. 

In  this connection, i t  is pertinent to take note also 
of the increase in rate of fire that has accompanied 
the increase in ve10city.h~~ The primitive guns \Yere 
m.uzzle loading and required many minutes to reload 
and fire. With the advent of breech loading, and later 
of cased ammunition, the time per round was signif- 
icantly rcdnccd; and in the fairly recent past, auto- 
matic mechanisms have greatly increased the rate of 
fire. Wc now have 5-in. cannon firing a t  20 rounds per 
minute and small arms (machine guns) firing a,t rates 
of 1,200 rounds per minute. Contrasted with muzzle 
velocity, rate of fire does not seem to h.ave reached a 
corresponding state of stagnation. As mentioned in 
Section 1.3.2, these two a.spects of improved gun per- 
formance involve features that are closely inte1:related. 

1.1.3 The Term 13ypervelocity 

There has been a tendency to make a rough divi- 
si on of artillery into low-vel ocity and high-velocity 
guns, the former class including velocities not much 
higher than 2,000 ips and the latter running up to 
3,000 fps or a little above. Partly because there seemed 
to be uni~sunl difficulties in the practical attainment 
of guns operating at  mllazle velocities much in excess 
of 3,000 fps, it has been deemed convenient to use a 
special design~tt~ion for guns of very high velocities. 
The t,erm h,yperuelocity has been used; and in this vol- 
ume hypcrvelocity guns are considered by definition 
to be ones operating at  muzzle velocities of 3,500 fps 
or higher.b 

1.1.4 The Problem Defined. 

A study of the past almost inevitably arouscs onr 
curiosity as to whether the long upward trend in 
muzzle velocities has properly come to ztn end, or 
whether further advances are both possible :ind prof- 
itable. We are confronted x~i th  :* problem, thc basis 
of which may be formulated by a series ol questions 
as lollows. 

This usage follows tha t  adopted by the Ordnrtnce Board of 
GI'FB,~ Br.ita,in, thc limiting velocity having been set a t  3,500 
Ips by t,he Hypervelocity Panel at its meeting OII May- 28, 1942. 
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( l j  What are the ~ldvantages of hypervelocity 
guns? 

(2) What obstacles are in the \my of attaining 
higher muzzle velocities thaa have heret,ofore bcen 
considered practicable? 

(3) What arc the physical and cllemical factors in 
such limitations? 

(3:) Ry what new kno\\-letlge can the difficulties be 
resolved? 

( 5 )  Ror\- can the results of' such knowledge be 
trarlslatccl int,o 11-ea.pons of increased effect~iveness? 

Ant,icipating a t  t,his point some of the conclusions 
mentioned in the f ~ l l o \ ~ i n g  paragraphs and explained 
marc fully else\\-here in other chapters, we may note 
that hypervelocity docs have I\-orthsvhile aclvantages 
and does involve serious dificult~ies; ant1 that of the 
latter the outstanding onc is erosion of the gun bore. 
The core of the problem is erosion. As implied by the 
title of this volume, if ne  can find the cause and cure 
of gun erosion and ot,llcr deteriorations of the bore 
suriace-,or, if not a curc, a means of obviat,ing the 
effccts-.-,-we shall h a w  gone a long way to\\*ard thc 
complete solution of the I~ypervelocity proble~n. 

1.2 A PHIOKI D V A N T A G E S  OF 
HIGHER PROJITCI?ILE VELOCITIES 

I t  should he fairly obvious th:it a projectile a t  high 
velocity \\ill outperform one a t  lo\\- \-elo(:it>-. Not so 
obvious perhaps is the increased eftectiveness, in sev- 
eral  respect,^, for the same energy or for thc same 
weight of equipment. More exactly, the cornparison 
is made bet~vcen two pro,jectiles of dift'cro~it calibers, 
either having the same muzzlc cncrgy or being fired 
from t\vo guns hitving the same total weight, includ- 
ing associated etluipment,. -4s a means of summarizing 
the :idvantages of hyper\;clocit,y, i t  is convenient to 
group them in three categories: great,er range; in- 
creawed arrnor penet,ration; and increased proba,bility 
of hitting tthe target,. (Compare Section 33.2.) 

In addition to thesc principal advantnges, thcre are 
others, less \\-ell dcfined, thn,t ma?- mcrit csreful evd- 
uation. For example, as espl:~i~ied in Section 9.1 , hy- 
pervelocity bullets she\\; a strange di~rupt~ive effect 
when inipinging on a i.essel filled ni th liquid. For 
each of tthe nspect,s of hypercelo~it~y, there is a limit- 
ing velocit,~ he?-ond which, for practical reasons, it is 
not prditable to go, bul; it is no~v quit'e certain that 

the limit is well above the velocities that have been 
used heretofore. 

1.2.2 Grea,ter Range 

Tn the ideal case of negligible air rcsistanoc, the 
tr:i,jectory is a simple parabola and the maximum 
ritnge of a projcctilc varies as the square of the initial 
~ e l o c i t y . ~  This applies to both the horizontal and the 
vertical range. Actually, the relationship is a very 
cornples one, owing to the large retarding efl'ect of t,he 
stniospliere on the projectile; but the range neverthe- 
less increases rapidly with increase of initial velocity 
and for a 50 per cent increase in muzzle vclocity the 
masimu~n range of a large gun would he esterlded by 
something like r~ ratio of tn-o to one. If a comparison 
is made on the basis of maximum e-fcctice range, it is 
usually found t,hat this quantity also increases rapidly 
with niuexle velocity. 

Even a moderate increase of horizontal range might 
be of great value if the guns of an enemy could there- 
by be outr~~nged. Moreover, grc!ater vr:rtical range 
~vould clearly he of great value in coping with high- 
flying nirplarles. Thcsc advantages are ol course to bc, 
i~ssessed against a variety of tactical situations, but i t  
is likcly that under some conditions the advantages 
would offset a coi~siderable increase in weight and 
bulk ol cy uipmen t . 

Improved .Armor Penetration 

Measurements of t,he penetration of arrnor platc by 
projectiles of various sixes and types have sho\\m tha.t 
the thickness of plate that can be penetrated increases 
more rapidly t,han the striking velocity, being propor- 
tional to approsimately the three-halves power of the 
velocity. This rclation is kno\vn to hold approximately 
up to velocities some\-hat above 3,000 fps, provided 
that the projectile does not shatter upon impact, as 
brought out in Section 9.2. With stccl projectiles, - - .  

such shattering without pcnctration is likely to take 
plitcc at velocities somewhat above the velocitjes a t  

Constant fol:cc of gravity and s pln,nc rcfcrencc surface 
is assumcd also. Under these ideal conditions, a shot a t  
nn angle of elev:~,t.ion of 45 dcgrecs : ~ n d  8,n init,ia,l vclocity of 
3;0(M Tps mould travel to a distance of 54 miles, and a shot 
projected vertinndly up\\.arcis with thc sarrlc ir~itinl velocity 
\ccruld rcach s height of 27 miles; but, the effect of sir resistance 
i,s so great that for 8, ste.ni1ar.d 1.7-in. projectmile, with u n~uzele 
velocity of 3,000 fps, the maxilllum horiaontrtl wngc is only 
about 15 miles (attained with am angle of elevrttioll of 47% 
d?grces). The ~orrcspondil~g ~nn,xilnu~n vcrtical range is 11 
rlllles. 
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which they would just perforate the plate.d At still 
higher velocities, the projectiles may penetrate even 
though they shatter, but there may be a range of dis- 
tances (and striking vclocilics) at  which a particular 
projectile is ineffective against armor. This might 
appcar to limit seriously the uscfulness of hyperveloc- 
ity guns. But it should be noted that -a t  all except 
short distances from target to gun, the striking 
velocity usually will have diminished to such an ex- 
tent that i t  \+ill be well below the velocity at, which 
shattering takes place. 

Further encouragement is afforded by the behavior 
of projectiles hsving cores of cemen.ted tungsten car- 
bide. Such projectiles show greater penetrating power 
than ordinary steel projectiles, as may be seen from 
an Ordnance Department test of a 1.5-in. (37-mm) 
projectile having a tungsten carbide core, mhich pene- 
trated a 354 pla,te of Class "B" armor at  20 degrees 
incidence. at  a, velocity of 3,440 fps, whereas a pro- 
jectile of similar design, but having a steel core, did 
not penetrate the same plate at  a striking velocity of 
over 4,000 fps. Above a certain velocity, tungsten 
carbide corcs bveak up when passing through armor 
plate. The older cores disintegrated into fine particles, 
but i,t is now known that cores can be fabricated in 
such a way that on passing through armor tfhey break 
up into a moder8,te number of fragments which for 
antitank use are effective in putting the tank out of 
action. 

Results of experiment and calculation indicat)e t,hat, 
by the use of hypervelocity pr~ject~iles, materially in-, 
creased effectiveness is achieved for the same total 
weight, of gun and mount. Put in another wa,y, it is 
readily practicable to obtain a desired effect with about 
onc-half the total weight of the usual equipment, and 
thus with a corresponding increase in mobility.19n 

1.2.4 increased Probability 
of Hitting Target 

Higher velocities mean shorter times of flight and 
flatter tr:~jectories; both factors are important be- 
cautusc thcy incrcasc thc chance of hitting the target. 
In antitank r n a ~ f a r . e , ~ ~ ~  a flatter trajectory is atlvan- 
tageous because the resulting decrease in thr ~ ~ n g l e  
of impact reduces the chance of missing the target 
through imperfect knowledge of the range. If an error 

R.ecently, steal a,rmor piercing projectiles of improved de- 
sign have been shown to penetrate armor 3 caliber8 in thick- 
ness, without shatterir~g, at velocities i11 the neighborhood of 
4.800 fps at an angle of 30 degrees. (See Section 9.2.1.) 

is made in estimating the distance from gun to target, 
the flatter the trajectory the less will be the vertical 
distancefrom the point of aim. This may well make 
the difference between hitting an object of a given 
height and missing i t  altogether. As an e~ample,  we 
may note that for a tank 8 ft high and for a conven- 
tional 75-mm projectile \vitjh a muzzle velocity of 
2,030 fps, the allon~ablc: error in estimating the range 
a t  1?500 yd is only 100 yd, while with a tungsten car- 
bide subcaliber projectile shot from the same gun 
with a muzzle velocity of 3,550 fps, ouing to the flat- 
ter trajectory, the allo\vable error a t  the same range 
is 400 yd. 

,4 reduction of the "lead" requircd in aiming at  a 
moving target is one consequence of thc shorter time 
of flight. For the two projectiles just referred to, the 
respective leads to be applied by the gunner. in the 
case of a tank at  1,500 yd moving a t  a speed of 30 
mph are 105 f t  as compared. with 60 ft. In the case of 
aircraft gunnery, the reduction of lead is also impor- 
tant; but herc the advantages of hypervelocity are 
difficult, to  nssess, because of various factors, espe- 
cially the 1imitat;ion in weight of e q ~ i p m e n t . ' ~ " ~ ~ ~ , ~ ~  

Short times of flight arc particularly desi.rable in 
firing at  fast-moving targcts such as airplanes, the 
rtdvantagc being most noteworthy when the target 
resorts to dodging tactics.lU Many mathematical 
~~nalyses have been made of thc probability of hi.tting 
a plane hom the ground in relation to the velocity of 
the projectiles. The answer. depends,upon the assumed 
conditions of the problem. Depending on these condi- 
tions, the number of hits for a given nurnbcr of shots 
is found to be proportional to a power of the velocity 
that varies from the third, to the sixth for targets 
moving in three dimensions. Even on the most con- 
servative brtsis, that is, variation with the third 
power., a 50 per cent increase in velocity more than 
triples the nunber of hits. 

FACTORS LIMITING USABLE MUZZJ,l? 
VELOCITY 

1.3.1 1:ndividual Problems to be Solved 

As indicated above, there is no particular difficulty 
in obtainillg proie~t~ile velocities very much greater 
thas those in conventions1 guns; but th.ere are certain 
practical considerations that seriously limit the veloc- 
ities tthat can be uscfiilly employed. Among t,hese 
factors, thc immediately obvious is thc wearing away 
of the material rtt the bore.surface, especially when 
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muzzle velocities are much above 3,000 fps. Other 
e k c t s  such as the overall heating of the gun barrel, 
thc decreased ~nechanical efficiency of the gun, and 
the loss of projectile velocity in flight, add to the com- 
plexities of the hypervelocity problem. Means must 
be fourld to combat, them all by solving separately 
the problems that arise, for the deleterious phenom- 
ella are rapidly enhnnced mhen,ever an attempt is 
made to achieve higher muzzle velocities. 

At each stage in the history of ol.dnance some one 
or more of the factors th:lt limit the usefulness of u 
gun has been predominant. -1s improvements in ma- 
terials ~ ~ n d  in methods of fabri~at~ion have led t,o bot- 
tcr ways of making guns and their ammunition, it hss 
been, necessary for the gun designer periodically to re- 
evaluate the problem in the light of the tactical needs 
of the moment,. On the basis of such analyses com- 
promises have been reached in the dcsign of guns for 
part,icular purposes. 'Thus shortly bei'ore World War 
IT dcsign st,udies \\-(:re made at  Aberdeen Proving 
Ground as to the best means of improving the effecttive- 
ness of antiaircraft gunsM"tnd of antitank g ~ i n s . ~ ~ ~ - ~ ~ ~  
Although t,hese studies indic,ated that, considerable 
advantage ~vould be gained in both applicsttions by 

" increasing the muzzlc velocity to \\-ell above 3,000 ips, 
the ncw guns that w r e  built later for these purposes 
perforce had lower 1-elocities. Lack of a means of ero- 
sion control still prevented the use of other\vise supe- 
rior designs. 

During the firing of a gun, thc: p o ~ ~ d e r  burns and is 
converted into white-hot gas, under high pressure, 
~vl~ich  propels the project,ilc: down the bore. ilt the 
same t,ime, the mass of compressed gas mainly folio\\-s 
t,he projectile; and what may be called a condensed, 
s\viftly-moving fla~ne heats, r:hernically alters, and 
scours the bore surface. Some gas may leak past the 
pro,jec,tile and produce locnll?r intensified effects. Tn 
addition, the rubbing of the project,ile, or its rot,at,ing 
band, against the inncr wall of the gun tube may 
sbrade the surface; and &her actions sucli as abra- 
sion by unbllrned poll-der grains may take place. 

After a fe\v rounds at  high muzzle velocities, or 
after many rounds : ~ t  lo\\,er velocities, e111:~rgemcnt of 
thr: bore becomcs readily evident. The ef!ect,s are 
more noticcable at  the tn-o ends of the barrel, but are 
not confined to these locslities. At or near the origin 

" This subject is discueserl n t  length in Part IV 

of rifling, the damage to the borc surface is a mas- 
imum. This "origin erosion"-or, as it is sometimes 
called, "breech-end erosionJ'---may amount i.n a worn 
gun t,o several pcr cent of the 1)ol.e diameter. Although 
t,he erosion per round is measured in fractions of ' a  
thousandth of an inr:h, or at  most, a very few tl~ou- 
stmdths, the amounlt of metal lost is sometimes im- 
pressive, particularly in large guns. For example, in a 
7.2-in. gun firing a t  2,600 fps, nearly a pound of mate- 
rial Inay be removed from t,he bore surface during a 
single round. The erosion drops off rapidly in the for- 
ward direction and rarely is significant beyond sbout 
10 calibers dist,ance from tlhe origin. With either sep- 
arate-loading or fixed ammunition, a gun in, an eroded 
condition produces less muzzle velocity unless the 
po\\-der charge is increased. Another disadvantage re- 
sults 11-lien the ammunition is of the "fised" type, for 
with such arnmu~nit~ion, the initial free run of the pro- 
jectile in a badly erodod gun may cause stripping of 
the rotat,ing ba,nd 2nd damage to the fuze. 

Origin crosion in a given gun is directly related to 
thc weight of pon-der and only indirectly to the muz- 
zle velocity, but, in general, larger chargcs are n.eces- 
sary for higb.er vclocities; and for. only a 50 per cent 
increase in muzzle velocities, say from 2,800 fps t,o 
some\vhat above 1,000, i t  can be expected that origin 
erosion will be increased by several times with a cor- 
responding clecrease in gun life unless means are 
found to cope \vif;h the erosion. 

Near the rn~izzlc, tthe tot)al erosion is notably difler- 
ent in charnot,er and magnitude. I t  is greatest a t  the 
muzzle where the radial ext,ent is usually only a small 
fraction of thc origin erosion in the same gun, and i t  
decreases in the reasmard direction, usually becoming 
zero at  a distance one-third or Inore of the distance to 
the breech. Although the enlargement of the 1)ore a t  
the muzzle is small in compaa.ison with that att the 
breech end of thr: tube, muzzle erosion (sometimes 
called muzzle wear) nevertheless may lead to trouble- 
soIne dispersion of shots by producin,g an initial yaw 
of the projectile. Jt  is no\\- knoll-n as a result of studies 
untlertakcn by Division 1 t,hat the rate of muzzle ero- 
sion increases exponentially r \ j  t h  the muzzle velocity; 
and it is probable ,that at  very high velocities this 
type of erosion rather than the morc familiar origin 
erosion constitutes the marc serious limitation. 

1.3.3 Heating of Gun Barrel! 

By trmsfer of heat from the po\vder gases, t,he 
'See Chapter 5 for furt,her details. 
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temperature of t6e gun barrel rises to an extent de- 
pendent on a varicty of conditions. The t,emperature 
rise is, of course, greatest a t  the inner surface, where a 
resulting high temperrtture not only enhances all 
erosive effect,s but also may soften the inner layers of 
the wdl so that the lands are fiattened by action of 
the projectile, and the rifling no longer imparts thc 
proper spin to the projectile. When successive shots 
are fired at  short intervals, there is an accumula1;ion 
of heat so that the barrel wall as a whole may be over- 
heated. In machine guns after prolonged bursts even 
at  conventional velocities, the temperature of the 
barrel may increase to as much as 800 C; so that the 
barrel may swell and eventually blow up. In rapid- 
fire guns of d l  calibers, operating a t  hypervelocities, 
the heating of the gun barrel is one of the major difi- 
culties to be overcome before such guns become en- 
t i d y  practicable. From what> has been said, i t  is evi- 
dent that the high rate of fire intensifies the difficul- 
ties encountered with hypervelocity; and i t  is there- 
fore not practicable to separatc completely these two 
aspects of the broader problem. 

1.3.4 Projectile Stabilizationg 

Ordinarily, proj~ct~iles are afforded stabilit,y in 
flight by being given a rapid spinning motion which is 
caused by the engagement of helical rifling grooves of 
the gun with a rotating band on the projectile. I t  can 
be shown both theoreticrtlly and experimenttally that 
in order to obtain the usual, rates of spin (varying 
from sevcral thousand revolutions per minute i,n large 
guns to over 100,000 rpm in small, ones), the st,resses 
set up in the banding mat,erial by its interaction with 
the rifling often are close to the maximum strength of 
the commonly used materials for rotating bands. 
Moreover, for a given projcctile, the requisite rate of 
spin for stability in flight is very nearly proportional 
to the velocity. I t  follows, thereiore, that with (:on- 
ventional projectiles band failure is likely to limit the 
muzzle velocities that can be usefully employed, and 
that the broad hypervelocity problem includes anlong 
its subsidinry problems that of providing adcquste 
stability. 

1.5.5 Other :Mechanical Li:mi.tations 

employed. The design of l.iypervelocity gun tubes 
would be simplified if still higher pressures could be 
used. (Section 33.3.9) This mould require tubes with 
higher strength mat,erials orh with thicker walls, or 
both. Higher vel~cit~ies for a projectile of a specified 
weight requirc larger powder cllarges unless a more 
powerful propellant is used. As noted in the preceding 
text, very high muzzle velocities are attained at  the 
cost of lessened efficiency st wllich the energy of the 
powder is converted into kinetic energy of the pro- 
jectile, and t,herefore powder weight and pom-der- 
chamber capacity increasc faster than the muzzle 
energy. A more troublesome limitation is introduced 
by the fact that larger powder cha,rges almost in- 
evitably require longer, heavier, and more cumber- 
some gun tllbes, Clearly, the overall weight of the 
tube and mount is an important factor that enters 
into ~onsiderst~ions involving the .advantages of hy- 
pervelocity and into t,he design of guns having opti- 
mum effectiveness. 

I t  is evident that when all, or a suficient number, 
of the individual problems have been solvcd and the 
limiting fact,ors properly takcn account of, there re- 
mains ft oareful balance belwcen conflicting elements 
of dcsign, if a satisfactory usc is tjo be made of hyper- 
velocity. 

1-4 S~I'ATUS OF PROBLEM IN- 1.941. 

1.4.1 Divergent Views on Advantages o:C 
Hypervelocity 

To those scientists and engineers who in 1941 made 
their first uoquaint,a,lye with ordnance matters, the 
most striking aspect of the situation wss the lack of 
agreement among observers as to the ad- 
vantages of guns having muzzle velocities much. 
highcr than those being currently employed. On the 
one hand, there were circ~rnstances~'~ that indicated 
pronounced advanttsges, as brought out in Section 
1 . 2 ;  while on the other hand, certain lines of reasoning 
indicated that higher velocit,ies would offer lit,tle or 
no improvement in overall p e r f o r r n a n ~ e . ' ~ " ~ ~ ~  

The need for increased range, both horizontal and 
vertical, had becn urged in certain quarters, and in 
part,icula,r it was evident that a higher vertical range 
would be desirable as a protection against airplanes 

In  the us~lal high power gum lor milit>ary applica- which were flying a t  ever-increasing a l t i t ,~des .~"  
tion, internal pressures of the order of 50,000 psi are Prior to 1941, some attention had been given to the 

presumable ad~ant~ages of mttchine guns with higher 
Compare Section 8.3. muzzle velocities. The need for such guns had not, 
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been clearly formulatecl nor hat1 the desirability of 
de1-eloping machine guns that ~vould firc long bursts 
ssit,hout becoming useless been recognized. 

1.4.2 Imperfect Understanding 

of Nature of Erosion 

Despite the numerous investjigations over a period 
of years on gun croeion, some of 11-hich were con- 
clucted \vith g ~ e a t  sl;ill rind perseverance, t,here was 
little real understanding of the processes by which the 
bo1.e of a, gun is elboded during firing. To he sure, a 
num1:)er of suggestions had been put forward as to the 
principal causes of e r o ~ i o n . ~ ~ ~ ' ~  Among t,hese were 
abrasion of the surftlcc by unburned powder grains, a 
scouring of the sul.fat:c by the blast of powdsr gases, it 
melting of the surface matmerial and subsequent blo\v- 
ing may ,  chcmical action by the constituents of t,he 
hot gases, friction bet~vccn the bore and projectile, 
and a, varietx of other factors. The results of 
cfforts to reduce erosiorl had not been en~oura~ging. In  
t;he alelief that materials other than steel 11-ere not 
practicable for gun barrels, most of the efTorts had 
been de~~oted  to the development of steels of hetter 
performance. It \\-as thought in those days that an 
impri~vement of something like 5 per cent in erosion 
resistance ~~-ou ld  represent s $1-orthwhile goi11.~~~ 

The general attitJude prior to the war may be char- 
a,ct,crized as a tendency to take a some\\-hat pessi- 
mistic vie\\- of the erosion problem and t,o nlinimize 
the advantages of the higher velocities th:lt ~ ~ o u l d  be 
practic~able if crosion could be cured or by--passecl. 

1.4.3 NDRC Ittacks Problem in 

Comprehensive U7ay 

Initially, the Ya,tional Def(-:rise Research Co~nni t -  
tee [NDR,C] undertook projects of direct and imme- 
-dint,e applicability to military needs. Although there 
was an obvious need for guns having better perform- 
anc,e, i t  waa gener:llly known that serious diffic>ulties 
stood in the ~vay of realizing guns with highcr n~uzzle 
vclocit,ics, and KDRC quite nat,v~rally hesitated to 
spend time, effort, and money on problems of uncer- 
tain value for the current emergency or lor the im- 
pending war. Gun erosion 1~::~s the key to the situa- 
tion, and preliminary considc-ration of the \\.hole 
matter raisetl grase doubts as to whether i t  would be 
proper or: pr~fit~able loi: XDRC to attenlpt to engage 
upon a progra,m for the solut,ion of the rigc-old erosion 
problem. Xt is not to be n,ondered at  that the Armed 

Services should have liad litklc hrjpe that this prob- 
lem could be stltisfactorily solved or should offer only 
faj.nt encouragcment for taking up a hypervelocity 
project as a TI-artime measure. 

The sit,uat,ion eventually crystallized in a decision, 
largely as a result of the views of the British, ~ h o  
strongly urged that NDRC undertake broad problems 
in ordnance and placed as number one on thcir list of 
projects the practical att,ainment of hypervclocity 
guns and projectiles. In particular, for mtiaircraft 
use, they emphasized the need for a gun that would 
fire a projectile having a, time of flight of only 3 see to 
1.0,000 ft-\\-hicll ~vo~l ld  require a muzzle velocity of 
from 4,000 to 5,000 fps. 

In  the summer ol 1941, KDRC decided to embark 
on a broad program, and for this purpose, Section. 
A-A, laster Division 1, \\.as created, its assignment be- 
ing "gun erosion and other ordnance problems," a, 
title intended t,o camouflage thc real objcctivk which 
was the de.t;elopment of pract,ical hypervelocity guns 
and in general the iiuprovernent of gun performance. 
The program was intended to be a long-range one 
with the initial cmphasis on basic research, with the 
understrtnding that the immediate triad of promising 
devices and even the playing of hunches were not to 
be excluded. Tl i s  anlbitious venture was entered into 
with the full know-letlgc of the cornplesities of the s~lb-  
ject, and a renli~at~ion of the difficulties t,hat ever1 ex- 
perienced invcstigt~t,ors s~oulcl encounter, if they 1111- 
dertook to solve problems in a field with vhich they 
mere not familiar rind in si-hich ordnance experts had 
madc little progress for mmy yeass. But it wns the 
duty as \\,ell as the privilege of KDRC to concern it- 
self with ordnance projects of any kind that seemed 
~vorthwhile, a,ntl i t  \\;as evident that a t1horough, ex- 
plora.tion of the possibilities of vastly improving the 
existing guns was a necessary "hedge1' angttinst a long- 
continuing uVar, the hypervelocity program being in 
the nature of essential insurance against the adverse 
effects of increasing teolmical proficiency on the part 
of om' potential enemies. 

1.5 APPROICHES TO PRACTICAL 
STT-AIN'hlENT OF IJYPERVELOCITY 

1.5.1 Classification of Methods 

Higher. velocities ordinarily tue accornparlied by 
gre:tt,er crosion. The practical sttainrnent of hyper- 
velocity therefore ins-01s-es principally the discovery 
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and application of mcthods for avoiding or circum- 
venting erosion so that thc gun may have a reasonably 
long life. Scvel-a1 lines of attnck were apparent tts the 
program of research and development began to be 
formulated. Erosion may be combatted by an cro- 
sion-resistant liner or coating. il silitable protection 
might also be given by a film oi some sort applied to 
thc bore surface. Inasmuch as the most seriously 
eroded part of the bore is near the origin of rifling, 
this part of the bore surface could be protected from 
the powder gases by a thin sleeve attached to and es- 
tracted with, the cartridge case. Lightweight projec- 
tiles may he used in a standard gun, a procedure 
which partially solves the erosion problem. Finally, 
propellants that have a lo\ver flame temperatlure and 
less chemical activity might significantly diminish 
the erosive effect. The specific devices and methods 
t,h:it, after preliminary inspection of the problem by 
~ i v i s i o n  1, scemed promising for investigation are 
given in the following paragraphs an.d are described 
in detail in other chapters ol this volume. 

1.5.2 Replaceable Steel Liners 

I t  was said somewhat facetiously in the early days 
of Division 1 that the way to solve the hypcrvelocity 
problcm was to let the gun wear out, throw it away, 
and gct a new one. More seriously, a liner could be 
discardcd; and i t  was judged morth~\*hile to investi- 
gate thoroughly the practibility of developing a short 
steel liner, which could be inserted in the bore a t  the 
I-~reech end and, when badly \vorn, prompbly replaced 
by a new one. This development is described in Sec- 
tion 26.3. 

Erosion,-Resistant J,iners and Coatings 

The selection and development of materials tha.t 
will resist gun erosion obviously require a knowledge 
of the nature of gun erosion and the principles by 
mliicll it is possible to combat it. Parts 111 and IV of 
the prcsent volume are taken up \vitIl the description 
of the basic research applied, to this part of the prob- 
lem. It was necessary to have better information con.- 
cerning the behavior of the powder gases i n a  gun and 
concerning other features of interior ballistics. As a 
result of the intensive studies on erosion, i t  was pos- 
sible at  an early stage of the investigation to define 
accurately the physical, chemical, and mechanical 
requirements for usable erosion-resistant substances, 
and to make a preliminary selection of erosion-resist- 

ant materials for development and trial. As will be 
shown in Parts V and VJ, primary aLte11t~ion was 
focused on chromium, on molybdenum, on alloys con- 
taining dominant amounts of these metals, and also 
on high-cobalt alloys. Some of these, as for example 
chromium, seemed more suitable for application as 
electroplated coattings. 0th.ers were more promising 
for application LLS liners. 

1.5.4 ''Fisa*7 Protector 

A suggestion that came from abroad formed thc 
basis of another approach to the practical attainment 
of hypervelocity. This took the form of a thin sleeve 
to be attached to the forn-ard end of the cartridge 
case enclosing the rear portion of the projectile and 
extracted with the case after firing. This device seemed 
worth developing because the erosion in a gun is most 
noticeable near the origin of rifling. Accordingly, the 
protectlion ol the bore surface for even a short dis- 
tance in this rcgion ~~-0u ld  be advantageous and i t  
therefore seemed worth while t o  evaluat,e this device. 
Designs and performance are discussed in Chapter 32. 

1.6.5 Yre-Engraved. Projectiles 

It soon became evident that the interaction be- 
tmcen the rotating band and the bore surface was an 
important source d deterioration of the surfacc. The 
stresscs arising from the engraving of the band are 
likely to damage the surface, particularly by flatten- 
ing the lands; and the frictional heat superimposed 
upon that derived from the hot powder gases will 
obviously atlgnlent all adverse thermal effects. By 
using pre-engraved projectiles, that is ones on which 
"teeth" had prebiousl;y been formed for engaging 
\with the rifling grooves, these mechani,cal eff'ects are 
obviated. 

Furthermore, a pre-engraved projectile was found 
to be a valuable research tool because i t  offers the 
opportunity of separating some of the effects due to 
the powder gas and those due to the rotating band. 
As the development proceeded, it became evident 
that the practical value of pre-engraved projectiles 
is much enhanccd by using them in conjunction with 
a borc surface protected from the powder gases. The 
chromium plate is inert to  the powder gases; and the 
pre-engraved projectiles do not cause mechanical de- 
terioration of the plate, as engraving-type projectiles 
do. The device, as finally put in the practical form 
described in Chapter 31, consistecl of the combination 
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of pre-engraved projectile and chromiurn-plated bore 
surface. 

1.5.6 Sabot -Proj ectiles 

A sabot offers a convenient means of using a light- 
weight projectile and therefore obtaining byperveloc- 
ity in a standard gun. Sabot-projectiles do not rcpre- 
sent a nett- iidca, having been tried out many p a r s  
a,go; but, bec:luse they offered a possibility of quick 
solution ot thc hypervelocity problem, i t  seemed worth 
while to make a serious attempt t,o develop a prac- 
tical projectile of this kind. Fundamentally, such a 
projectile consists d a subcdiber core, of either steel 
or tun,gsten carbide, supported in the bore by a sabot, 
which is a fraine~l-ork of some sort,, including a base 
that, fits the bore and carries a rotating band. Upon 
being fired, the projectile proceeds with the velocity 
ap~ropriat~e to the weight of the assembly in relation 
to the pox\-der charge. Shortly d t e r  leaving the gun, 
the base and auxiliary parts fly off by centrif~~gal ac- 
tion or air resistance, and the core gocs on toward the 
target. It \\-as recogniacd that a considerable amount 
of research and development ~\-ould be necessary in 
ordcr to meet various requirements such as stability 
of the projectile and in general the requisite accuracy 
of the shots. (Sce Chapter 29.) 

It is not immediately obvious that the sabot is a 
t,ruc solution of the lijrpervelocity problem, in the 
scnse of providing highel: velocities tt-ith reasonable 
gun life. Although it is a, convenient method for com- 
bining large powder chargcs ~t-it~h projectiles of rela- 
tively ligbt n-eight, i t  might appear at  first glance 
that erosion would offer the same limitation as i t  does 
in conventional guns. I t  turns out, however, that the 
inore noticeable variety of erosion in a gun, namely 
that near the breech end, depends more on the ratio 
of powder charge to bore surlace than on the weight 
of the projectile. Con~equent~lg, ni th a light\\-eight 
projectile, t,llc erosion may be e~pect~ed t'o be much 
less than ,nvould be encountered with conventional 
guns and projectiles operating a t  correspo~lding muz- 
zle velocities. For this reason, such devices are prop- 
erly considered among the fundamental approaches 
to the practical reali~at~ion of hypervelocity. 

1.5.1 Tapercd-Bore Guns 

Another method for practical utilization of a light- 
weight pro,iectile that has a sufficientl~y high sectional 
density i s  represented by the tapered-bore gun. This 

device was known to have becn ddeelopecl in Gelmany 
prior to World War TI. Remarkable results were 
crcdited to a 28/20-mm tapered-bore gur~ used by the 
Germans in the African campaign against thc British. 
A projectile nith Ranges, or skirts, is reduced in diani- 
eter as i t  passes through the bore, of which all or a 
part is tapered so as to decrease in diameter in the 
direction of the muzzle. Thc further investigation of 
such guns clertrly nras a necessary part of the hyper- 
velocity program. Little \\-as generally known about 
the principles of design of such projectiles for most 
effective performance, or of the performance of guns 
with the borc tapered in various ways. Results of the 
investigations by Division 1 on tapered-bore guns 
and projectiles \ti11 be founcl in Chapter 30. 

1.5.8 Other Devices and Processes 

There are several other approaches that were given 
consideration bv Division 1 but were not actively ex- 
plored by that organization, although some of them 
are discussed in various chapters of this volume. A 
propellant of decreased erosiveness would obviously 
be of great advantage, for ilnproved action might re- 
sult from lower flame temperature or lcssened chem- 
ical activity. Furthermore, a powder of greater en.ergy 
for a given bulk mould simplify :~ppreciably the de- 
sign of hypervelocity guns. Successful methods for 
cooling the bore surface or the ent,irc barrel ~vould 
counteract tthe tendency to erosion and would mini- 
mize other difficulties with high-power guns, espe- 
cially those operating a t  a high rate of fire. Inasmuch 
as a part of the troubles arising from high velocities 
are due to the action of conventional rotating bands 
on the borc surface, improved rifling and banding are 
desirable subjects for investigation. Still amnother in 
the list of devices for appraisal and in.vestigat,ion was 
the "booster" projectile, for which added velocity is 
given to the projectile near the end of its course by a 
rocket attached to t,he base. 

1.6 STATUS OF PROBLEM IN 194'6 

1.6.1 Clarification of Advantages of 
Hppervelocity 

As one of the results of the comprehensive series of 
investjigations undertaken by Divisioh 1 and as the 
result also of the various tact icdsnd strategic situa- 
tions occurri~lg during the past 5 years, the advan- 
tages of hypcr\~elocity now stand out in much sharper 



1.6 THE PROBLEM OF IXYPEKVELOCTTY 

relief than heretofore. (For an analysis of these ad- 
vantages, see Section 33.2.) In comparison with the 
attitude in 1.943, there is now litt,le doubt as to the 
reality of the advantages of projectiles with velocities 
in what we call the hypcrvclocity range, that is, those 
in excess of 3,500 fps. 

For at1titan.k warfare, for other ground use, for 
antiaircraft applications, or for aircraft armament, 
there is 1101~ little division of opinion as to need for 
improving conventional guns. Greater range, im- 
proved arinor penetration,, and increased probability 
of hitting a target, more especially a fast-moving air- 
pla,ne, add up to an advantage that few will ignore. In  
1946, the problem is not so much to evaluate the 
merits of hypervelocities, but rather to find the best 
means of achieving them.h One would now indeed be 
conservative not to visualize the "gun of the future" 
as one firing projectiles with an initial velocity of 
more than 4,000 fps, and quite possibly more than 
5,000. It can be claimed fairly that the war period has 
clarified our notions on this subject. 

1.6.2 New Knowledge Concerning 
Nature of Gun Erosion 

The scientific groups who undertook to find quickly 
the cause and cure of gun erosion, who somewhat 
nalvely approached with confidence the task of ~nak-  
ing real progress in a field new and strange to them, a 
field in which significant advances had not been made 
for many years, have the satisfaction of knowing that 
they now have a picture of gun erosion that is clearly 
outlined, alt,hough not complete in all its details. 
They can visualize the several steps in gun, erosion, 
and they can differentiate between tzhe nature 3nd 
probable cure of origin erosion on the one hand and 
muzzle erosion on the other. I t  is now quite definite 
that of the various possible factors in the erosion of 
guns, thermal effects, including melting, aided and 
abctted by chemical action, are the general regulators 
of origin erosion, and i t  is also app~~ren t  how other 
facttors, such as stress and frictional heat associated 
with rotating bands, enter the erosion problem. In  
addition, a useful distinction has been drawn between 
the origin erosion of high-power, slow-fire guns where 
tBhe overall effect is a loss of the material from the 
bore, and the deterioration of machine guns firing 
long bursts at moderate velocities where the outstand- 

h A  sts~ternent of the British point of view on this subject 
was prepared in the summer of 1944.a9h 

ing factor in bringing the gun to the end of useful life 
is a flattening of the lands on the softened bore surface. 

We now perceive that the erosion problem has sev- 
eral aspects, each of wliich in reality presents a sepa- 
rate problem. The first may be called the ''high-power 
gu11" or the "big-gun problem," which is solved either 
by diminishing the heat to each unit of the boresurface 
or by supplying a liner or coating that is sufficiently 
chemically inert and at  the same time is refractory 
enough tjo withstand, ~vithout melting, the int,ense 
heat applied over a short interval of time. The second, 
the "machine-gun problem," finds its so1ul;ion in the 
knowledge that here the desiderntzcm is hot-hardness 
and in the use of a liner or a coating of adequate hot- 
hardness, or a coml-ination of liners and coatings, in 
the protection of the bore surface. To these problems 
we may add a third, which relates to the cure of muz- 
zle erosion. Although in 1941 the extent to w-hich 
nluzzle erosion was prevalent in guns was not well 
known, and even, its existence generally in guns was a 
subject for frequent debatc, it is now- known to vary 
in an orderly fashion, with muzzle veloci t y and caliber. 
Indeed, its variation with muzzle velocity is well 
enough under~t~ood for us to  predict confidently that 
at  muzzle velocities of 4,000 ips or more it will begin. 
to be of comn~ensurate importdance with origin ero- 
sion, and may even be the dominating factor.. We also 
have sufficient understanding of the nature of muzzle 
erosion t,o afford promising leads for the avoidance of 
the difficulty. 

These various conclusions on the nature of erosion 
emana,ted partly from wall selected tests and partly 
from basic research i n  a closely integrated serics of 
investigations. 

1.6.3 Development of Several 
Solutions of the Hypervelocity Problem 

The investigations of Division 1 provided new 
knowledge that wa,s not only interesting and sugges- 
tive but also of practical value, as is demonstrated by 
the fact that the results and conclusions led to the 
successful development of six useful, or potentially 
useful, solutions of the hypervelocity problem. At; the 
time Division 1 discontinued its activities, various 
devices embodying these solutions either had been 
offered, to the Services or were in a,n advanced state of 
development. These were the following devices al- 
ready described briefly in Section 1..5: The replace- 
able short steel liner, a variety of erosion-resistant 
liners and coatings, the pre-engraved projectile with 
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chro~niumn-platted horc, J le  Fiss protector with chro- 
mium-plated bore, sabot projectiles, and the tapered- 
bore gun with skirted proiectiles. In t,he category of 
erosion-resistant liners are ones of hardened, molyb- 
denum, wliich offers a gratifying solutjon of t'he high- 
power gun problem, and those of Stellite No. 21., 
\rhich in the caliber .50 machine gun has given a solu- 
tion of the mnchine-$1111 pr.oblem thst  mas s~~ccess~ul  
to the point of being spectacular. Stellite-lined ma- 
chine guns mere in la.rge product,ion at  the close of the 
war. 

Othcr approaches t'o the practtical atte~inment of 
hypervelocity \rere given some consideratiorl by vari- 
ous civilian nncl military groups, but Division 1 did 
not part)icipitte actively in the irlvestigation of those 
methods, including t,hc ones mentioned in Section 
1.5.8. 

Demonstration oT Successful Met'hod 
for Attacking Difficult Ordnance Problem 

That the ta.sk ~mdertaken by the Division 1 in 1941 
was one of fornlid%ble cornplex?ty, fe\v will deny; and 
we think it fair to clainl that the outcome mas reason- 
ably satisfactory. I t  might evcn be claimed that 
whereas the group of inrestigstors, upon first sc- 
quaint~mce with the field of gun erosion :ind hyper- 

velocity, fount1 it a frozen subject, they left it a fluid 
one. The procedure that was followed might there- 
fore serve a.s a pattern for fi~ture investigations in the 
same fields or. in ones of similar difficulties and aoope. 
We feel, that ~vha,t~ever success may have been st,taincd 
was largcly due to two factors. 

The first m:As t,hc inclusion of an adeqr~atc a1noun.t 
of fundamentrtl research. In the broad progranl of 
Division I neither researdl nor engineering develop- 
mcnt was neglected. There was at all times a judi- 
cious combination of effort in these ttwo directions, 
t,he former being the l r ~ i t ~ f ~ ~ l  source of new iidea,s$nd 
the lattcr the means to s useful end. For esample, us 
soon as promising results were obtained ~vitli stellite 
liners, plans \\:ere put into effect fnr the production 
of calibcr .50 machine-gun barrels with such iiaer,+; 
while a t  the same time furtlrrer investigaticna \\.ere 
conducted in order to learn more a t ~ o ~ l t  the funda- 
mental behavior of this material under various con- 
di tions. 

The second essential factor wss the c0nstan.t pre- 
servation of an open .tnihd as to t,he possibilities of 
success of any development no mutter .\vh:tt the np- 
parent, obstacles might be, and a refusal to be swa,yed 
unduly by unpromising results of various lines of 
at,tack in the past. The guiding philosophy might, per- 
haps be described s s  a resolution to "lean neither to 
foolish optinlisnl nor t,o unreasoning conserva,t,isrn." 





PART 11 

BALLIS TICS 

who should decide when doctors disagl.ee 
And soundest casuists doubt like you and me. 

-Alexnnrler Pope 
"i\101'a1 Essays" 





Chapter 2 

PROPERTIES OF POWDER GAS 

T HE CHEYIC.+L SYSTEM of pan-der and gas presents a 
comples in ~vhich chcmical reactions occur a t  high 

speed ~ ~ i t h  re1n:irkable precisi.on. The free energy of 
po\vder gas is much lcss than that of powder, and the 
reaction between them, when once initiated, goes for- 
TT-ardrapiclly-in common parlance, the pomrcler burns. 
The gas is never in equilibrium with the powder; the 
pomder must first bc "~aporized,~' the intermediate 
products then react further, and under suitable con- 
ditions, the final products come to equilibrium with 
each othcr as po~j-der gas at  a high temperature. 
These intermediate steps arc of interest both theo- 
retically and in practice, for they lead to a bettcr un- 
derstanding of the use of pomder to give a push on a 
projectile or a rocket. 

Modern propellants are composed of certain prin- 
cipal const,it,uents, esplosive in natt~re, and other 
added constituents used as plasticizers, stabilizers, or 
solvents to modify the physical properties of the cx- 
plosives and m~lke thc resulting substance safe for 
handling as s propellant. The principal explosives 
used are cellulose nitrate (nitrocellulose, KC) ancl 
glycerol nitrate (nitroglycerine, NG); others more 
recentlyintroduced are nitroguanidine (NQ) and hesa- 
methylene trinitramine (cyclonite, RDX). ill1 are 
compounds of carbon, hydrogen, oxygen, andnitrogen, 
:tnd contclin eno~.igh oxygen in the reactive - 0 -NO2 
(nitrate), or -NO2 (nitro) groups for internal com- 
bustion. 

This combustion, the completeness of which de- 
pends upon the ratio of oxygen to carbon and hyclro- 
gen, produces 3 quat~tit~y of heat, known as the heat 
of explosion, and, results in the conversion of the solid 
powder to a gas conlposed principally of nitrogen, 
carbon dioxide, carbon monoside, water, and hydro- 
gen. The relative proportions of t,hese gascs in the 
final products are determined by (I) the relative con- 
tents of carbon, hydrogen, oxygen, and nitrogen in 
the propellant, and (2) the teniperature and pressure 

r e s ~ ~ l t  of dissociative high temperature reactions, or 
of secondary reac:t,ions which occur on cooling. These 
are relatively urli~nportant, and rrill be consi.dered 
only incidentally. 

I t  is important to note that explosives are inher- 
ently unstable at  all temperatures, and can be pre- 
pared and kept only because the dccomposition'reac- 
tiorls proceed exceedingly slo~\,ly at  ordinary temper- 
atures. The initiation of the deconlposition requires a 
certain activation encrgy which may be supplied by 
heating or by impact. The resulting decomposition 
may be blurning or deto~lstion, the two being dis- 
tinguished hy the speed \~-it,h which thc proct;:ss takes 
place; the rate of rletonstion is about a thousand 
times that of burning. The dctonation of explosives 
mas studied intensively in other divisions of the 
NDRC; the bunling, particularly of propellants, fdls  
within the scope of the work of Division 1 and is 
t r e ~ t c d  in, the follon-ing pages. 

12ect:nt invest,igg.ations have enabled us to put labels 
on the intermediate steps in the con~~ersion of po\vder 
to the final products. Thc rates at  which these steps 
occur are connected \\lit11 the mechanism; some esper- 
imental evidence on this is also available. These prob- 
lellls are treated in the second section of this chapter. 
The next section takes up  the problem of equilib- 
rium, and evidt:nce is preeented to shorn that at  least 
so far as the final reaction in pol\-der gas is concerned, 
equilibriunz is rnaintilirlcd anlong the final producbs. 

Internal ballistics is concerned n-ith the conversion 
of the "latent" energy of the powder into mechanical 
encrgy through the rnediuln of poivder gas. The chem- 
ical  thermodynamic,^ of this process are presented 
briefly in Section 2.4. Experimental met,hods for de- 
termining t'he temperature of po\vdcr gas, discussed 
in the last t,\vo sections, present an experimental 
check on thc 1;heoretically calculated, ternpersturcs, 
and togcther with measurements of pressure, enable 
the ballistician to discuss the state of powder gas. 

2.' . THE BURNING OF POWDER 
developed in the process of burning. Additional gas- ~.~.1 The Overall Burning Process 
eous constituents are present in the powder gas, as a - 

a Physical Chemist. Geophysical Lnborittory, Carnegie In- When a propellant is ignited in a closed chamber a t  
stitr~tion of Washington. a high density of loading, and suitable measurements 
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are taken, it is noted that soon after ignition is ini- 
tiated, the pressure begins to r i ~ e  and thcn ref~ches a 
peak value in times of the order of milliseconds. Si- 
multaneously with the development of pressure, the 
contents of the chamber begin to cmit radiation the 
intensity of which, likc the pressuro, reaches a peak 

MINUTES 

FIGURE 1. T~ec;omposition of nitrocellulose a t  pressures 
below 1.75 mm Hg. Reaclion becomes self-sust;aining a t  
higher pressures. (This figure has been redrawn lrom 
Chart No. I in Ballistic R.esearcb Laboratlory Report 
No. 353, Aberdeen Proving Ground.) 

The radiation a t  high densities of loading is contin- 
uous in the visible and ncar infrared regions of the 
spectrum; at very low dcnsities of loading, discrete 
lines appear in the spectrum. 'l'hcss are due to in- 
organic constituents or impurities. The radiation a t  
high densities is found to be not only continuous but 
also to have a distribution of intensities with respect 
to wavelength such as 1%-ould be typical of a black 
body a t  a temperature T which is somewhat lower, 
because of the hcat losses, than the adiabatic flame 
tcnlperature To, characteristic of the proprllant. As 

example, typical values of TO are 2650 K for NH, 
2440 I< for FNH-MI ,3525 K for FNH-M2 powders. 
The temperature T has been identified ns the tenl- 
peratlure of the powder gas. 

The instants of time at  which the peak of the radift- 
tion and the peak of pressure occur coincide closely 
and denote the conclusion of the process of burning. 
After the attainment of the peak vali~es, heat conti,n- 
ues to be given off to the walls as the gas cools; in a 
gun, the gas is cooled not onl,y by such heat trnnsfer 
but also by conversion of u part of its thermal energy 
to kinetic energy of the projectile. The distribution of 
the energy of the powder is discussed in Section 6.5, 
in which, the relation of the gas temperature to the 
energy is s h o ~ n .  

The details of the burning of the powder cannot be 
analyzed in such experiments as described above and 
must be investigated in other ways, but the overall 
kinetics of the burning process can be learned from 
the measurement of the rate of pressure increasz, a t  
times preceding thc rtt,t,ainrnent of maximum pressure. 

Experimentally, i t  is known that powders do not 
ignite until the surface is raised t,o a temperature near 
200 C; th,e self-sustaining reaction probab1,y main- 
tains the surface at  about 1.000 1C.l" This burning 
may be extinguished upon sudden reduction of pres- 
sure, as this causes apprecii~ble cooling of the gas a t  
the surface. This suggcsts that st,,.cble burning requires 
h e ~ ~ t  to be transferred to the surface by the hot gases 
in an amount sufficient to maintain the surface layel* 
hot enough for rapid decomposit,ion of the powder to 
take place. 

The amount of heat transferred to the surface may 
he expected to depend upon a t  least two factors; 
(I) the intensi t y  and type of ra,diation which falls upon 
it, and (2) the number ol molecules of high encrgies 
which collide with it per unit time. The part played 
by radiation, which is difficult to  evaluate, will be 
discussed later. 

The numher of colliding molecules will be nearly 
proportional to the pressure, but their average energies 
cannot be estimated without detailed knowledge of 
the reactions involved in the process of burning. If we 
assume, as a first approximation, that the entire reac- 
tion process takes place a t  the powder surface, then 
the gas molecules have energies corresponding to the 
flttme temperature Yo. On this assumption, the burn- 
ing rate may be espectcd to be high for powders 
whose flame temperature is high, and this is a t  least 
qualitatively confirmed by experiment. As we shall 
see, the reactions liberating the energy of the powder 
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take place only psrt,ly at  the surface, but mainly in the -0-NO:! bond,mhich is known from other data 
the gas space, probably separated from th.e surfncc by to  be 40-50 kcal. 
a inore or less thin layer of cooler gas. This reduces the The exothermic heat effect up to the point of con- 
rate of heat transfer but does not necessarily d tcr  the sumption ol the red substance has been messured to 
relative order of burning rates for hot and cool pow- bc near 500 cal/g, about one-half of the full heat of 
ders. explosion of nitrocellulose. Similar experiments .yield 

approximately the same vnlucs with double-base 

2.2.2 The Stepwise IVIechanism of Burning 

Before considering the rcrtes of h ~ ~ ~ ' ) ~ i ' r l y  of po~vder i t  
is desirable to present an outlirle of the reactions in- 
volved in the pr.oce.98 of bu~ni~ny." 

As long ago as 1907, it was d e ~ n o n s t r a t , e d ~ ~ ~ $ ~ ~ ~  
that an early step in the de~omposit~ion of nitrocellu- 
lose and nitroglycerine is thc splitting off of NO2 from 
the rnolecules of the explosi~~es, and that the NOS ie 
quickly reduced to KO when the gas is allowed to re- 
main in contact ui th the decomposing substance. Re- 
cent experimentslg4 A:LVP sho~vn that a t  very low 
pressures (below 1.75 mm Hg) the decomposition re- 
action of nitrocellulose is endothermic with the evolu- 
tion of gas, and may be st,opped and restarted :it \rill 
by controlling the heating (see Figure I). At pressures 
above this valuc, the reaction becolnss emthernlic 
and hence sell-sustaining; i t  proceeds with the evolu- 
t,ion of gas and sublimation of a white ~olid.  At still 
highcr pressures and uith a chemically indiflerent gas 
present (about 10 Inn1 Hg), there is produced a reein- 
ous red liquid that gives the chemical reaction for 
aldehydes. This evidence indicates that tfhe original 
cellulose nitrate mol~culc has been atttacked, most 
probably at  tho points of attachment of the nitrate 
groups. 

The liquefaction of nitrocellulose has also heen ob- 
served3" at, n pressure of about 50 mm Hg of nitro- 
gen, in experilnents on controlled thermal decompo- 
sition. At 1-fit,mosphere pressure with air in the 
apparatus, liquefaction \\-as not conlpletc before ax1 
explosive inflammation occurred; the ignition~vas pre- 
ceded by an induction period which was sh.orter :~t 
l@-her tempertltures. The activation energies deduced 
from the variatiorl of the induction period with tem- 
perature, and of the rates of gas evolution during the 
guierscent preignition, deco~npositio~l agret: provision- 
ally mith the activation energies for the ~plitt~ing of 

-- 
'' Most of the data upon n-hich this outliile is basecl has been 

acrumulated d~iring the war pears by ~nvestigu~thns a(; the 
Bellistic Research I~aborntory, Aberdcen Proving Ground, 
1 g l . l ~ R . 2 1 3 . b . l ~ . b ~ ~  I:,), contrnctors of Divisions I ur~d 3, SDRC, 
lo7.159-luJ.sri nncl by investigutora working Fnr the British Minis- 
try of Sllpply.l~l .33G,3~15.360,364.3W 

- - 

powders (rocket compositicms, cordite S.C:.). The gas 
produced at  tthis stage contains the nitrogen of the 
powder principally as nit'ric oside (XO); other gases 
preseut are COa, CC), HzO, mith very little Ha and no 
NOP. lipon irlflammation, 1-12 definitely appears in the 

P S I  

FIGURE 2. Heat of c~plosion as u fuxrct,ion of gas prcs- 
surc showing lhc course of the curvc in t,hc rcaioli of the 
transjt,ion lrolll nonlurnir~ous to luminous burning of 
propcllsiit JP76. (This figure is based on Tsblc VI of 
NDRC R,cport, A-268.) 

gases, and the full heat of esplosion tends t,o be re- 
alized. (See Figure 2.) 

Visual observation of the lormation of flame from 
the bm.ning of double-base rocket po\\tdcr in nitrogen 
under pressure1" sho\vs a transitior~ from nonlumi- 
nous to lurninous burning a t  pressures near 300- psi. 
The flame, when first forrnetl a t  the lowest pressure, 
is a t  some distance from the stick of pol\-der, hut ap- 
proaches it as the pl.essura is raised, as shown in Fig- 
ure 3. The transition from nonluminolls to lurninous 
burning in the gas phase marks the beginning of dis- 
appearance of NO from the gas. I t  is acco~npanied by 
an increase of the heat evolved mith increasing pres- 
sure; the full heat of explosion is reached at  about 700 
psi. At t,his pressure the NO in the gas virtaally dis- 
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t,ion of the final products in the gas phase (Stage D), 
but rather by the rates of the reactions taking place 
a t  or near thc surface of the powder, Stages A, B, and 
C of the process of burning. Stage D ~ontribut~es to 
the rate insolar as the heat liberated in the gas phase 
rcaches and ~enet~ra tes  throng11 the surfacc ancl thus 
heats the solid powder. The thermal conductivitjr of 
the powder being low, and the tiines a t  disposal short, 
th.is pcnetration is exceedingly shallow. 

Rates of burning have been studied largely by 
measurelnents of the rate of change of pressure after 
ignition. Early esperinleats of this sort showed that 
the pressure irlcreases slon-ljr a t  first, both in closed 
cha~nbers sncl i11 guns during the period before the 
projectile starts to move, :~nd then more and more 
rapidly, the pressure-time cunre somewhat resem- 
bling a hyperbola or a parabola. 

The powder is believed to burn at  the surface in 
parallel laycrs, i t  being :~ssurned that all the surface 
is ignited at  the same time, and burns a t  the same 
rate. This rate may be rlefincd as the late r at  which 
the parallcl layers are relllovcd in the direction nor- 
mill l;o the surface. The rate of "recession of the sur- 
frtce" may be related to the mass burned up to any 
instant by nletlrls of form functions derived from the 
ge~rnet~ry of the various types of granulations.""l'l~he 
l'un~t~ions proposed to express r in terms of the pres- 
sure P are of two general tvpes, as given in, equations 
(I)  and (2). 

in which dxldt is - W(df/dt), kV being the web thick- 
ness and f the fraction of the \ v ~ b  ~vhich remains un- 
burnt at  any time. The coefficient c in equation (2) is 
dcnotecl B in the Division 1 system of  ballistic,^ de- 
scribed in Chapter 3. Equation (2), was proposed by 
Vieille in 1893. IIe recognized that the esponent n 
varies for different types of powder, having values 
from about 0.7.5 to 0.95. The rate equation (2) \vith a 
fractional esponent is difficult to  handle in interior 
ballistics equations, and the gener:d practice has been 
to adopt n = 1 and make a judicious adjustment in 
the value of c . ~ ~  

For closed chainber firings, equation (I) has been 
r e ~ r i t t e n ~ " ~ ~ ~ 5 n  the form of equ,ation (1'). 

This equation of a straight line uith an intercept is a 
good approxim>~tition to the experimental rcsults in 

the higher pressure range, above perhaps 1,500 psi, as 
has been shown by rnea~urementsl~~ for the range of 
pressure up to and beyond 20,000 psi. 

At, lower pressures, suck as art attained in, rockets 
(600-6,000 psi) the exponent,ial form, equation (2), is 
a better fit; in fact, with certain rocket powder com- 
positions, 1;he exponent n is so small (about 0.5) as tAo 
rule out the linear form n l t o g e t i ~ e r . ~ ~ ~  At very much 
lower pressures, in the neighborhood of I. atm, the es- 
perimental curve shown in Figure 4 incHcat,es a break 
in the curve of burning rate T ~ S  pressure, as if the 
rnechanisnl of burning here suddenly changed. 'Por- 
tunately this region is of no intercst for ballistics. 

P S I  

FIGERE 4. The course 01 burning rate versus pressure 
for JP76 at different, low pressures and tcmnpcrat,ures 
showing tbc bred< at aboul 1 al:m. (This figure bas been 
haxed on Figure 19 of NDRC lieport A-$68.) 

In the intermediate pressure range (up to 2,000psi) 
the rate of recession ol burning powder \\-as observecllfil 
visually and photog~aphically in a chamber equipped 
with a glass window. This direct measurement yields 
lower values for thc burnin,g rate than the indirect 
measurement f orn a pressure-time curvc secured15" 
in a, rocket motor. The discrepancy is ascribed to a 
more rapid consumption of polvder in the rocket than 
in a r:losed chamber by renlovftl of the products of 
combustion, and by erosion. 
X comparison of thc burning rate r as a function of 

the pressure for the straigl~t-line Ian- with an inter- 
cept, and the simple power lnw is given in Figure 5. 
The dat,a represented by the straight line are tllose 
lor the closed chamber burning of ti pomdcr contain- 
ing 58% NC, 40% NG, 1% ~entralit~e, 0.2% diphen- 
plamine, and 0.9% ~olat~j les  a t  a Ioading density of 
0.1. For the purpose of the comparison, the straight 



26 PROPERTI.:ES OF POWDER GAS 

PRESSURE I N  1000 P S I  

Flcuwm 5 .  Comparison of the coursc of Ihe burning rate versus pressure for the linear law (n-it,h intcrccpl) and the erpo- 
r~erllial law. (This figure is based on the data for Powder A-20 ~ont~ltined in Appendix IT of 0612D 12epor.t 4382.) 

line is extrapolated beyond the 19,500 psi measured, 
to 50,000 psi. The curves representing the po~ver-in- 
dex law are drawn for = 0.7, 0.8, and 0.9, respec- 
tively, adjusted to coincide with the straight line a t  
20,000 psi. I t  will be noted that over the measured 
interval of about 1,000 to 20,000 psi, the error would 
not be great, whether the data were reprcsented by 
the po~ver-index law with n = 0.8 or 0.9, or by thc 
streight-line law, although, over an extended range of 
pressure the four curves deviate from each other 
appreciably. 

A furthcr compa;rison of thc two burning-rat,e lams 
is afforded by the firings of the 3-in. Navy gun, 
and the 37-mrn gun, T4i a t  the Taylor Model 
Basin.H,G"131Ja2 (These guns are described in Scc- 
tions 4.2.2 and 4.2.3, respectively.) The burning rates, 

which have been discussed in two Division 1 re- 
por t~ , l '3 , "~  are represented in Figure 6 as a function 
of pressure. It is seen that it w-ould do considerable 
violence to  the dat'a to represent them by the pres- 
sure-index law. Thevalues of the constants a (in./sec) 
and b (in./~sc/klb/in.~) for ecluation (1') applied to 
t,hese dati are given in Table I.. The values of the 
constant, a, are somcwl-lat erratic, and considerably 
higher than might be expcctetl from the closed cham- 
ber firings on \vhich. Figure 5 ~vas baaed. 

This anomaly is undoubtedly due to  ignition effects. 
Localisation of the early burning in a portion of the 
powder may result in a considerable local pressure 
increase and high burning rate 31; ft time when the 
average pressure is still low. This eftcct is also evi- 
denced by a 40 per cent reduction in the value of a 
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TARJ,F: I .  \'slues of burning-rate constantis for powclers 
usccl in 3-in. X n v y  gun and in 37-in~n gtm T47, as 
obtaiaccl from 1)allistic data.1'3 

Pou-de~." Clnsst in./sec$ in./sec/klh/in,** [a-(256)/25]$ 

NR 1.35 0.260 0.314 
P ~ Y O  1.97 .242 321 
A l l  1 2-59 .230 .343 
M 1 4 1.37 .255 .318 
PI *5 B 2.01 .458 538 
h15 10 1.40 .483 543 
M5 12 1.85 .451 ,525 

,, - 

NI1 alld Pyro xere  bred i r ~  thc 3 in. 
f Cla~seo: (1)  short pi-in~cr, 1.6%-lb (medium: 

(4) long primer. 1.62-lh projectilt. (short,) 
(6) sllort primer, 1.82-11 projectile (n~odiurll) 

(10) short primer, 1.:1(4-lb ~,rojcotile (slrort) 
(121 short prin~er,  I.:l2-lb ~>rojectila (medi~m~) .  

$ F r o m  Rcfrrcnce 113. 
8 The lust C O ~ L L L ~ L I I  giws tho "elI'activc" h a t  35 k l l ~  for c o m r ~ n r i s o ~ ~  rbitlr 

Hirschfeldet'.? c referred to in the text. 

in the firings of the 37-mrn gun, resulting from the 
use of n long primer that favored even ignition. The 
constsnt b has about the same \ d u e  for all three 
single-base po~vdera (0.250 f 0.007)) and is nearly 
80 per ucnt greater for the double-base i\15 powder. 

The useM of the appr~simat~ion of c = 0.36 for 
singlc-base and 0.51 for double-base pun-der in the 
first power burning  la^\- uithout intercept (Sect,ion 
3.2.5) caa be reconciledl'"\ith these data \\"hen i t  is 
noted that the rather large tcrm in N compensates for 

where t, is the (centigrade) tempcrature of the pour- 
der; t L  is a constant whose value is typical of each 
powder, and varies from 200 to over 300 degrees for 
rockct cornpositio~ls, being larger for powders show- 
ing smaller deperldcnce of the rate on temperature. 

10 
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FIGVHE 6 .  nln*ning rat8es in 3-in. Kavy gun and 37-min 
gun 7'47, for different pon-ders shou-ing Ihc inapplicabil- 
ity of the exponentittl rxtc I t ~ w  t,o gun results. 

the lo\\-er T-alucs of Z,; the r a t ~ s  given by thc two lan-s 
agree to n;it,hin 10 per cent at  25 klblin.'. In actual The burning rates are higher for po\\;ders which lib- 

use, the C O ~ S ~ B U ~ S  in the Division 1 system of ballis- erate larger anlounts of energy on burning. The 

tics ~voulrl bc adjusted by fitting the firing data for meager dat:~ available indicate that for burning a t  

either the masi~num pressure, or muzdc velocit,)~. gun pressures, the burning rate constant Ir is increased 
0.03 to 0.05 (in./sec/klb/i~l." fforevery 100 Relvill de- 

2.2.4 E:ffect of Various Factors on -the 
Rate of Burning 

r l ' ~ ~ ~ ~ ~ , 4 ~ ~ l t ~  OF THE PO\I.I>ER 

Pol\-ders hum st a rate which causes the surl'acc t80 
recede so last that \;el:,. 1itt)lc heat is conducted beloll- 
the surface and the bulk of the powder, therefore, 
does not change i11 temperature during the burning. 
The initial temperature of the powder has been found 
t,o increase the rate by 3 to Ci per cent lor every 10 
centigrade degrees rise in the poi\-der tenzperature. 
For burning in rockcts, the etfect of the initi~ll te~n-  
perature could bc expressed lK%y cr~uations (3 :tnd 4) 

r = 
a '+  V P  

h - t, (3) 

grees risc in the adiabatic flame temperature. More 
co~isistcnt burning rstc data are needed, both for 
closed cha~nbers and guns. 

Volatile constituents of pot\-ders serve as coolants, 
and lowcr the burning rate by some 10 per cent for 
every 1 per cent of solvent and moisturc prcsent.lb2 

An increase in the radiation received, by the pon-der 
increases the rate of burning. This has been shown 
fox firings in 3, prhessilre vessel with reflecting \\-nlls. 
Previous experinlentslGo had s h o w  that a double- 
base rockct porn-der (40% NG) burning in opcn air 
emits strong radiation, possibly clue to chemilu~nin.es- 
cence from ~.ibration,ally escitcd molecules of COX 
and f1&, a t  2.8 and 4.4 p, superimposed on i~reak 
black body radiation. In a prcssure vessel with a 
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quartz window, the 2.8 p band was found also a t  2,000 of higher densities has rcsulted in irregularities in ig- 
psi pressure (the 4.4 p band was blanked out by the nition. The use of blackened powder combined with a 
opacity of the windo-cv). long primer may represent a simple means of over- 

Potassium salts incorporated in powders have been coming this dificulty and permit'ting the use of the 
known to increase the burning rate. When powders higher densities of loading that are essential if hyper- 
containing several per cent of potassium salts were velocities are to he achieved with existing propellants. 
burned in air a t  atmospheric pressure, a strong emis- 
sion was found at  the red line of potassium, 7660 A. z.2.s Stepwise Mechanism. in. Relation to 
The bleck body radiation intensity lvlrkls negligible in R a t e  of Burning 
these experiments. Burning the powders in the pres- 
sure vessel with a window, with freshly polished walls, 
a t  pressurcs up to 1.,600 psi, the burning rate was in- 
creased about 30 per cent over that observed with 
absorbing surroundings. Sodium salts did not seem 
to have such an eftect. 

I t  is not known what effect this discrete radiation 
has under gun conditions, but i t  must be greatly sub- 
ordinated to that of the black body radiation, inas- 
~rluch as a11 the discrete lines in the visible and near 
infrared spectrum merge into a continuurn of ernis- 
sivity approaching unity at  density times path- 
length of the order of 0.06 g per sq cm.44 

The radiation, regardless of its nature, if i t  pene- 
trt~tes into the powder, gradually raises the powder 
temperature and the burning rate. This effect is es- 
pecially important wit,h transparent powder near the 
end of burning when the interior of the web may be 
heated by radiation from both sides. In rockets, this 
may cause a marked progressiveness of the rate of 
burning and a sharp upward rise in pressure near the 
tail end of burning. It may be counteracted by incor- 
porriting darkening agents in the powder, such as 
lampblack or nigroscne dye which prevents the radia- 
tion lrom penetrating to any depth into thc po\i-der. 

Little attention has been given to radiation effscts 
in guns. I t  may be mentioned that irregularities of 
ignition have been counteracted by treating the pow- 
der with an aqueous solution of paraphenylenedia- 
mine which blat:kens the surface uniformly; if an al- 
coAolic solution is used, the blackening penetrates 
throughout the body of the powder, and th.e burning 
rate may rise dangerously hjgh."13 These effects un- 
doubtedly arise a t  least partly from absorption of 
radiation at  the surface. 

Furthcr investi.gation of this phenomenon is highly 
desirable, because of its possible application to hyper- 
velocity guns." In the past the density of loading for 
cannon has been limited to about 0.7 because the use 

According to the stepwjse mcchanisrn of burning 
the gases resulting f ~ o ~ n  the incomplete burning in 
Stages A, 13, and C accumulate in the space around 
the povder and a,re ignited in Stage D with heating of 
the products to the fla~ne temperature. Although the 
average rate of burning of the powder shows no sud- 
den change in the corresponding region of pressure, 
there is evidcnce that local irregularities in the rate 
occur. 

High frequency variations in dP/dt have been ob- 
served, especially %with perforated powder, beginning 
at  pressures of the order of those at  which the appear- 
ance of visible Rame has been observed1" or a t  
slightly higher pressures. This so-called "hash" on 
the osoillograph trace may be due to earlier ignition 
in the pel-forations caused by loci11 pressure excess. 
Expcriments"5s which dP/dt was directly measured 
as afunction of time wit11 unperforated, very smoothly 
burning powder showed that the d P / d t  vs t curve ex- 
hibits a hump in the corresponding pressure region, 
as shown in Figure 7. The irregularity is too small t o  
be observed in the curve of P vs t. The irregularity in 
dP/dt is believed to be the result of the sudden igni- 
tion of the in.termediates to form the final products a t  
the beginning of Stage D. 

2.3 CHEMIC.AL EQUILI-BRIUM 
IN POWDEK GAS 

2.3.1 Reactions During the Cooli.ng 
of :Powder Gas 

&nestions arise as to the state of the powde~ gas 
both while burning j.s in progress and afterwards. If 
equilibrium among the various co~1stituen.t~ prevails, 
t,he composition may be expected to vary ~vitb. the 
temp,ereture according to the thermodynamic laws. 
Because of the heats of reaction, this modifies the 
energy relationships; other properties of the gas also 

d Such an inve~t~ig~tion h,ud been planned by Division 1, 
NDRC, in eolmection with its development of Ll bpervelocity vary with the compoit,ions. All these cpestions have 
(30-rnm gun, described in Chapter 33. a bearing on the calcula.tions ol interior ballistics. As 
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M S E C  

Iilc;nm 7. Comparison of espe~inlcntal (circles) ltr~d average calculatcrl d P / d l  versus t.imc curves for a vcry smoothly 
bu~~ling cord powder. Arrow indicates the c,oncl~lsion of the irregularity in thc burning rate. (This figure appeared as 
Figr~re 20 in BalXjstic Rcscarch Laboraloi-jr Rcport So.  456, Abcrdeen Proving Ground.) 

will be shown in this scct,ion, there is reason t'o believe 
that equilibrium is maintainetl in the gas, a t  least 
during the postburning period. Such a conclusion is, 
of course, anticipated by the success ni th xrhicl.1, in- 
terior ballistic calculations predict tJhe behavior of 
powder in guns. 

Tlic principal chemical reaction among the gases 
in a gun after the pan-der is burnt is the readjustincnt 
of the concentrations of the water gas con~tituent~s. 
During the burning the energy libcrated heats thc 
products to a t,emper.ature somewhat belon- the adi- 
abatic flaine tc~npera~ture, the deficiency being ac- 
counted for by heat losses. As the gas cools after- 
~ ~ ~ a r d s ,  the n-ater gas reaction components continue 
to react with each ot,her :md if the rate of this reactlion 
is high enough to maintain equilibrium, the relative 
conlposition a t  any tcniperature 2' is given by the 
e quilibriurn "constimt" 

c~~ C ~ z ~  
Kl GI = = K(A, T) 

co2 nz 
( 5 )  

where R1 is the equilibrium constant for the reaction 

in terms of ideal Rases and the factor GI, which is 
unit,y for ideal gases accounts for the gas imperfec- 
tion a t  t,he prevailing density ." The cquilihrium con- 
stant .K1 increases with the temperature, and its 
values h&ve been tabulitt,ed. 

When powder gaa after cooling to room tempera- 
ture is analyzed, $he relative concentrations of tho 
water gas constituents do not correspond to n value 
of Kl characteristic of room temperature, but rather 
to one for a higher temperature, ~vhich is of the order of 
1OOOK or higher; the observed constant Til dcpends 
upon t,he rate at  which the gas mas cooled and de- 
creases with increasing density of loading, as may be 
s h o ~ m  from data44hecur.ed in massive chambers. 
This indicates that a t  the temperature corresponding 
to the observed value of &GI the rate of rea#ction had 
beconie negligible in cornpu-ison with the ratc of 
cooling, and the observed gas co~nposition had hecn 
frozen-in. (See also Section 2.3.4.) 

Numel.ous analyses of powder gases have bcen per- 
foi.mecl, wit,h litt,le attention paid to the rate of cool- 
ing; the d u e s  of the equilibrium constant calcu'latecl 
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from such analyses are oF little significance for our 
purpose. The first systematic study4" of the influence 
of rapid cooling on the gas composition showed that 
powder gas cooled in an explosion vessel chilled to 
-1.20 C contained more CO tthan gas in a vessel 
heated t,o 90 C, and also that pol-der gas quickly ex- 
panded from a rifle ~vhose barrel was cut oil' a t  various 
lengths contained more CO near the origin of rifling 
thrln at  the where the gas arrived cooler. 
Thcse changes of composition will be seen to corre- 
spond to the expected changes in the freezing-in of 
equilil?rium under the stat,ed conditions. 

2.3.2 Quenching of Powder Gas Reactions 

An extended series ol experiments on the freezing- 
i11 of equilibrium in powder gases, or "quenching," us 
it is more conveniently called, mas performed for 
Division 1 at the Geophysical J,aboratory.lo7 Tn these 
experiments an effort nas  made to obtain as rapid 
coolirlg as possible, by expanding the gases from a 
small firing chamber through a llozzle into a much 
larger expansion chamber. The expansion rat,io was 
about 230:l. 

If the nozzle performed adiabt~tically, the gas 
11-ould first be cooled on entrance into the t,hr.oat in 
the mtio Tt /T ,  = 2/ir - 1) where TTt  &rid 'r,. are the 
temperatures of the gas in the throat and the firing 
chamber, re~pect~ively, and -y is the ratio of the 
specific heut,s of t,he gas. On the exit side further cool- 
ing by expansion into an evacuated chamber should 
reduce the temperature momentarily in the ratio 
T I T ,  = (P /Pt ) r l ' r l )  ~lyhere the subscript t refers l;o 
the values in the throat of the nozzle. Unfortunately, 
this momentary cooling is not permanent, as the gas 
rchea,ts in the expansion chamber by recompression 
to the final low pressure (about 1 ktt,m). In the mean- 
time, however, much heat is given up to the walls, 
and the net effect is a relatively rapid cooling. I t  will 
be instructive tto note that the \valls of the chamber 
that was used should absorb about 0.2 to 1 cal/cm2 
(depending on the energy of the powder) per gram of 
powder fired, in the t)ime the firing chamber is emptied, 
in orcl~r to cool the gas q~~ickly  to about 1500 R. 

Tn a second method of quick cooling, the incoming 
ponder gas was mixed with an inert gas (usually ar- 
gon) in the expansion vessel. This permitted the heat 
to be- distributed and delivered to t,he walls more 
slowly. The momentary temperi~ture attained by the 
mixture before any heat is given up to the n;alls is ex- 

pressed by 

where n, c, and T are the number of moles, the heat 
capacity, and the temperature of the gases ivhich are 
distinguished by the subscripts 1 and 2. The method 
therefore is an a,tt,ract,ivc one; ho\\rever, because of 
imperfect mixing, its full value is not realized in, prac- 
tice. 

The pressure a t  which the pov-der gas was released 
lor expansion was controlled by using rupture disks of 
selected thickness to close off the exit of the firing 
vessel; it varied from 500 to 1,850 atm. 

A large variety of powder was used, ranging from 
single-base NH and FNH and cool RDX pon-ders a t  
one estreme to vcrg hot, double-base PO\\-ders such as 
Hercules ballist,ite in fine granulation a t  the other, To 
ranging from 2420 t,o 3860 K. With powders of lorn- 
flamc temperature, the quenched gas had composi- 
tions yielding values of K1 of the order of 3.5 to 5" cor- 
responding to quenching tempera,tures of 1'700 to 
2000Ii for experiments in which nearly all the powder 
was burnt before breaking of the rupture disk. Gas 
from powders of very high flame temperature usually 
gave lower values of Kl, about tm-o to three, which 
may be interpreted to mettn that the additional heat 
delivered into the expansion chamber by the gas 
could not be dissipated as rapidly as in the previous 
case, so that the gas cooled more slowly and had its 
equilibrium quenched a t  a lower temperature. 

For both these extremes, there was little difference 
in the results whether the gas mas exp&nd,ed into an 
evacuated chamber, or into a chamber filled with ar- 
gon. On the other hand, with fine silver coils in the ex- 
pansion chamber as cooling agent, quenching occurred 
more efficiently in expansions into a vacuum than 
into ark argon atmosphere. For example, with an NH 
powder, KI  (vacuum) was 4.9, where KI (argon) was 
4.3, corresponding to temperatures of 2040 and 1870K, 
respectively. The lower value observed in argon 
may have been due to imperiect mixing of the two 
gases. 

When the amount of powder fired exceeded appre- 
ciably that to produce rupture, the results differed 
according to conditions. As outlined in the next para- 
graph for the NR po~vder, TO = 2651 I<. 

The equilihrium was qucncbed nlw>lys on the exit, side of 
lihc n o d e  where the pressare w a s  of thc order of 1 st,m and 
where therefore the gas irnperfec,tion w a s  negligible, so that 
KIGl = li'l, the value detel'mined fnr idcal gases. 
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+kt these pressures, the observed values of IG did 
not differ appreciably, whether the amount of powdcr 
losded and burnt just sufficed to produce rupture, or 
whether an excess of powder was used ; in either case, 
they averaged about 3.8. Homcvcr, with escess po~v- 
der, somewhat less of the carbon of the powder than 
before was accounted for in t,he gas as CO and CO?, in- 
dicat,ing a tendency toward less complete burning. 
Often acetylene, and in some cases, small q~a~nti t ies  
of nitric oxide \Irere found in the que~lched gars. 

Three different regions of loading dens it,^^ could be 
distinguished when the pressure at  rupture was 500 
atm. 

Reqh~t I .  Powder all burnt at  rupture (0.6 g, caliber 
.30 ~lozzle, A. = 0.0Cil.). Valucs of K1 were near 5.0, cor- 
rzsponcling to a quenching temperature some~ha t  in 
excess of 2000 J<. This is bclieved t,o bc a normal vildue, 
as the quantity of gas is small, and hcat should there- 
fore be di~sipnt~ed quickly, the process g i ~ i n g  risc to 
efficient quenching. 

Reyioa 2. Pan-der not all burnt at  rupture (0.6 to 
> 3.0 g powder, caliber .30 nozzle, A. = 0.061 t,o 0.3'7). 

I. With argon in the expansion chamber t,hc values 
of I<l obtained were ano~nalously high (about 8 or 
more) and corresponded to quenching temperatures 
in excess of the flame temperature. (See Figure 8.) 
Although little or no unburnt powder was recovered 
from the apparatus, the. carbon of the powder ac- 
counted for in the gas nras unif ormlv low, often below 
70 per cent. Thc percentage of 132 in the gas \\-as very 
low. C2H2 and much NO were present in the gas, iVO 
often ac~ount~ing for half of the nitrogen. Tarry resi- 
due accu~nulated in t;he apparatus. The polder con- 
sumed after. rupture e~-idently dicl not bur11 cow- 
pletely by the reactions of thc: last stage of burning, 
but rather decomposetl only partially beyond the 
stsgc of t,he red liquid and nitric oside. This interpre- 
tation is favored also by tlhe fact that the small per- 
centage ol I&, commonly found in inconlplete burn- 
ing, was largely rcsponsihle for the high values of Iil 
d:tsrmined, for theCO/(:(j2 rat,io usually had a slightly 
lower valuc than in normal, conlpl~t~e burning. 

2. When t,he expansion cha~nber I Y ~ S  originally 
eliacz~atcd and the pressure at  release was 500 at,m, the 
valixes of K1 were some~vhiit high, but not as anoms- 

lous as when argon v-as prenent in the (;hamher; how- 
ever., C2H2 and NO were present,, and the excess pow- 
der burned incomplet~ely. It is believed that thc more 
anomalous burning found in the presence of argon is 
the result of local quenching in the gas mixture, argon 
acting as diluent,. 

Region 5. Powder not all burnt  it, rupture, (3.5 g 
powder or more, caliber .30 nozzlc, A" greater than 
0.3'7). In  expansions cither into argon or a vacuum, 
these charges gavc normal values of K1, and both 

F ~ o u ~ z s  8. Valucs of thc water gns reaction constant, 
l i l G ,  for KH powder gua quenched by prcssure rclcasc 
a t  500 atm into avgon (open circles) nnd illto rt vacuurrl 
(full rircles), \vith increasing excess charge of po\rrlcr. 

CJ12 and NO were absent from the gas. The C, H, 
and O of the pou-der \\,ere fully accountetl for in the 
gas, so that all j~ldicatjons point to a, complete burn- 
ing of the water gas constituents and N B .  The appar- 
ent e ~ p l a n a t ~ i o ~ ~  for this sharp return to normal burn- 
ing \vith i*eleas~ a t  500 atln pressure and a very large 
excess of powder loaded is that, a t  these increased 
dellsities of loading, the frict,io~l encountered in the 
nozzle by the increased volunle of the products main- 
t,sins a back pressure in the ignition chamher high 
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enough for the rate of burning to remain above the 
value for incomplete burning. 

Following the instant of rupture, the pressure un- 
doubtedly falls sharply from the 500 atm value a t  
rupture t,o s lower value ; in view of the observations 
on the variation of the rate of burning discussed in 
Section 2.2.5, the minimum pressure reached must not, 
be much lowcr than about GO atm if the final stage of 
bllrning is to be maintained. This means that soon 
after the initial drop in pressure a steady state must 
be established in the nozzle ~ u c h  t h ~ t  the rate at  
which discharge takcs place is balanced by tbe rate at  
which gases are produced.la On this explanation, the 
stcrtdy state is nevcr quite reached in Region 2 of 
loading dcnsities. - 

The anomalous values of IG at releasiag pressures 
of 500 atm wcrc not obtained with fast-burning pow- 
ders of moderate and high flame temperatures. I t  may 
be suggested that, a t  rather low releasing pressures, a 
Region 2 of loading densities would also be realized 
with such powders. At such low pressures, the bmning 
ra,te~.vould be low at  release and subsequent readjust- 
ment of the rates of burning and of discharge ~vould 
allow the pressure to fs.11 below- the critical value for 
complete burning. This contention is supported by ex- 
periments performed without using rupture disks, thc 
burning powder evolving gases freely into the expan- 
sion chamber without obstruction. Argon at  1 atm 
pressure was used to provide the initial-pressure nec- 
essary for ignition. In such experiments, a11 powclers 
gave values ol in excess of 10, sometimes in excess 
of 50 ;Hz concentration in the gas was always low, that 
of NO was high, and consumption of the carbon. of the 
powder only near 50 per cent. 

2.3.3 Occurrence of Methane, Acetylene, 
and Nitric Oxide in Quenched Gas 

Methane is usually assumed to be formed in powder 
gas as the result of secondary reactions, such as for 
example, CO + 3H2 = CH4 + H&, or. 2C0 + 2Bz 
= CI-I,, + COz. Acetylene has not been systematically 
reported by other investigators. In the quenching ex- 
periments described in Section 2.3.2, chemical tests 
showed that when nitric oxide was present in the gas, 
the hydrocarbon constituents in thc quenched gas 
contained acetylene, but when nitric oxide was absent, 
acetylene also was usudly absent. 

The nitric oxide was present, as already mentioned, 
in experiments with excess pow-der, and particularly 
when the pressurc at  relrase wss low. It is believed to 

bc the result of primary decomposition in the early 
stages of burning. The prekence of acetylenc in the 
samc cxperimenls indicates that it likewise is a prod- 
uct of the early stages. Neither acetylene nor nitric 
oxidc formed undcr such conditions would be expect- 
ed to survive the high tcmperatures prevaleni in the 
final stage, for thermoclyn,zmic considerations show 
that both these gases, il formed a t  high tcmperatures, 
would tend to decompose in a cooling gas. Methane 
on the other hand is expected to form in increasing 
quantities as the temperature ldls. This, ol course, 
docs not precludc methane being formed also as a 
product of the primary decomposition. Some evidcnce 
on this point is given in Section 2.3.5. 

2.3.4 Wa-ter Gas Reaction 

Equilibrium in Quen.ching 

Thc foregoing discussion of quenching experiments 
gives no indication whether Lhc concentrations of the 
water gas reaction components determined corres- 
ponded to equilibrium values for the reaction at  the 
quenching t,emper:~tures. To obtain this information, 
i t  is necesfary to compare the experimental results 
wi,th values expected from the powder composition. lo7 

Such a conlparison can conveniently be made in the 
following manner. 

The expected gas composition can be 
from the powder composition converted to moles of 
atoms oi' C, H, 0, and N pcr unit weight of po~vder, 
and an assuincdvalue of RIGl (= Kl a t  ordinary prcs- 
sure) corresponding to some chosen gas temperature. 
The values of CO/C02 were evaluated for ITI = 3.5 
(2' = 1687 K) for the various powders st,udied, and 
plotted against the adiabatic flame temperature, as 
in Figure 9. In order to make the desired comparisons 
with the quenching data, the observed gas composi- 
tions from the yucnahing experiments likewise were 
recalculated to ITl = 3.5 from whatever value of ICl 
given by the experiment, and the corresponding 
values of the CO/C02 ratios were evaluated. Only 
data in which the evidence pointed to complete bum- 
ing of the powdcr were utilized for these compari.sons. 
Thus, none of the experiments for which IC1 mas 
anom:tlously high, or in which appreciable conccntra,- 
tion of NO was found, \yere included. 

The plot of observed and expccted values of the 
CO/C02 ratios vs the flame t,emperatures is given in 
Figure 10. It is seen from this figure thal; the agree- 
ment bctween observed and expected is fair, especially 
when it is rernernbered that (I.) the rlorninal powder 
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compositions do not always represent the actual 
powder con~positions, by reason of variations in the 
volat,iles, etc., (2) the efficiency of quenching is only 
moderat,a, and (3) the gas analysis, in the hands of 
even the beet experimenters 'l'i"nakes an accounting 
~\-hich may vary as nluc11 as 10 per cent from the 
mean for a, series of experiments on the samc powder. 
I t  may, t,herefore, be concluded that nithin the ex- 
perimental error, the concentrations of the water gas 
components reatljust t~lienlselves ~vit~h the tempera- 
ture as rapidly as the telnperature changes occur 
down to the insthnt of clucncl~ing. 

2.3-5 Equilibrium Among the Carbon Atoms 

As I\-e have a1re:ldy seen, pov-der gas may contain 
products of inconlplete colnbustion or of secondary 
reactions in sddition to the water gas reaction con- 
stituents. With thc discovery of induced radioactiv- 
ity, a direct means has becolnc available for testing 
the d.ist,ribution ol any one elcmcnt among the dif- 
ferent gmeous species of which the clenzcnt is a con- 
stituent, by using its radioactive isotope as a tracer. 
From snch cxperinlents conclusions may be dr:im-n 
concerning the st,at,e of equilibrium in the gas as a, 
whole. Tllls can be done for carbon bv using prcfer- 
ably its radioactive isotope (C1") \\.hich is long lived 
and hencc lends itself part,icularly \!fell for use as a 
tracer element. 

The principle of sucll a n  experiment is portrayed 
by Figure 11. Thc powder charge is coated with tz 
small quantit,y of a dissociable carbon compound con- 
taining the radiocarbon, as indicated by the red lines 
outlining the powder grains in thc upper part of the 
figure. The carbon atoms in the powder itself are not 
radioactive. When the po~vder is burned, the radio- 
carbon at)oms in thc c:o:~t,ing are converted t,o gas 
along with those from the powder grains. Exchangc 
reactions take place among them and some of the 
resulting carbon lnonoxide and carbon dioxide mole- 
cules become ritdiot~otive from the presence of tracer 
at,onls of radiocarbon as shonn by the red circles in 
the 1011-er part of the figure. The proport,ion of carbon 
lrionoxide and carbon dioxide molecules that become 
radioactive can be cleterniined by recovering the 
powder gases and meas~iring their specific activity. 

The first e~perirnent"~ of this sort, performed a t  
Abcrdcen Proving Ground, denlonstrated that t,racer 
atonzs (of hcavy carbon C1"instead of radiocarbon 
C1') were uniformly distributed between the niole- 
culcs 01 carbon monoxide and carbon dioxide re- 

covered from a caliber .30 rifle after firing. This 
result indicated that thesc two gases had been in 
mutual equilibrium in the powdcr gas. 

J~ater  a more extensive investigation" was under- 
taken with the quenching apparatus reierred to in 
Section 2.3.2, wit11 radiocarbon (C14) as tracer addcd 
to the pon-der. When the conditions of burning were 
such that the PO\%-der burned to the water gas con- 
stituents and nitrogen, the earlier results with respect 
to carbon monoxide and carbon dioxide were con- 
firmed. I t  \\.as formd in addition that methane present 
in powder gas resulthg from complete burning is in 
equilibrium with the CO and COz, and therefore, 
must be the result of secondary reactions aftcr burn- 
ing. 

In experiments with incomplete br.lrning at  the 
instant of release of pressure (comparae Section 2.3.2),  
none of the ca,rbon gases were in mutual equilibrium. 
The methane present Jvas essentially inactive, and,  
thcreiore, preeulnably a product of primary decom- 
position of the organic residues. The acetylene al- 
ways carried about 3 half of the proportiona.te activ- 
ity of CO or COz, which would indicate that it was a 
procluct of CO or C02 with a hydrocarbon fragment 

T". IN DEGREES K 
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TCL IN DEGREES K 

FJGUIZIC 10. Values of CO/COa in the gas from various powders a t  lZrGl=3.5, versus thc adiabatic flaine temperature, 
comparing values calculated from powder analysis with values deduced from the qucnchcd gas compositions. The cdcu- 
l ahd  values arc thc same as those shown in Figure 9. 
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forilied in the primary decomposition of excess pow- thermal and chernic:ldequilibriurn. The agreement be- 
der dready stripped of its radiocarbon. The lack of tween the calculated and observed temperatures, 
mutual equilibrium of CO and CO:! in the incompletc thercfol.~, indicates that the full calculated energy 
burlling istheresult, most probably, of theexcesspo\v- of the powder is libcratcd by an equilibrium process 
cler being decomposed at  lo\\- pressure to the products in the high-pressurc burning. 
of the e ~ ~ r l y  stages of burning described in Section 
2.2.2. 

2.4 THERMODYNAMICS OF POWDER GAS 

2.3+6 Equilibrium in Powder Gas- 
Coliclusions 

The definite conclusions conccming the state of 
equilibrium in powder gas that can be given a t  this 
time are the folio\\-ing. 

The agreenle111; of the observed :End cxpcctedva,lues 
of CO/CO, ratios from qrren chiag expcrirrlellts n-ith 
cornplete high-pressure burning indicates that chmges 
in chemical equilibrium among the v-:~ter gas con- 
stituents closely follon. the changes of ternpcrature 
during the postburning stage, down to about 1500 K 
at pressures above GO atm. 

Tlie carbon gases arc in mutua.1 equilibrium in high- 
pressure burning, bot8h during thc active-burning and 
the postburning stages. 

When burning occurs a t  reduced prcssurc, equilib- 
rium is maintained only \-ken a certain minimum 
pressure (about 60 atm) is exceeded; I)elo~\- this, 
water gas reaction equilibrium is not - established. 
This is shown by the results of quenching experi- 
ments both with and wjthout tracer racliocitrbon in 
the powder. 

One rnore piece of evidence may be not,ecl here. 
Measure~nents of the temperature of the poll-dei: gas 
show44 that .\\-her1 s reasonable allo~x-ance is made for 
heat losses, the nieasured temperature closcly agrees 
with the calc~lat~ed adiabatic flsrne temperature. This 
temperature is calculated by t,herrnodgnamic nieth- 
ods from knomn energy data, and for products in 

2.4.1 The Tlzermodynami.~ Problem 

When powder burns, a certain amount ol encrgy is 
liberated by the con~bustjon reaction. In a closed 
vessel, if the process occwed adiabatically, this 
energy 11-ould heat the gas to t,he adiabat.ic J l m e  [em- 
pel-akre To. In the actually rea#lir,able process, some 
of the energy is expended in heating the chamber, 
and, in the case of a gun, in doing external \vorli. As a 
result, the energy available for heating the gas is less, 
and the final gas tempei*a,t,ure T is lo\\rer than thc 
adiaba1;ic tcmpcrature YYo. The energy lost by t8he gas 
l;o the surrdunclings may he termed the energy rc- 
leased. Thermochcmically, i t  is the energy stored in 
the powder (per gram) 1r:ss thc energy stored in the 
gas in its final state of temperature r', density A. 

The thermodyoalnjc problem is, then, to evaluate 
these energies and the relatcd thcrmodyn:lmic func- 
tions such as the heat content, the entropy, and the 
heat capacities for the actual gases and their nlixtures 
as they occur in powder gas. Since the propcrt,ies of 
the mixture depend upon the colnposjtion, and this in 
turn depends upon the equilibrium of each component 
reaction, the equilibrium constants and their vsria- 
1;ions with the ternpcrature and the density must be 
linown. The propcrtics of thc gases a t  high, densities 
also depart \videly from those of the ided gas. In 
thermodynaniics these properties are trefttcd most 
simply by considering the properties the gas would 
have if i t  were ideal, and applying correctjoris for 

FIGUBE 11. Equilibriu~n alnorlg the carbon atoms of the poll-der gases has becn dcmons1;raled by radioactive tracer 
cspcrirncals. 
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departuree from this state. For this approach, an 
adequate equation of state is necessary. 

Outstanding contributions to t,his thrrmo- 
dynamic problem have been made by several investi- 
gators. ","O ..l36.440,441.4RO 'The treatment of the prob- 
lem given here is necessarily brief, and the reader is 
referred for dctails to an NDRC report24 in which is 
given a full discllssion \vi t h  applicatio~~s and tabulated 
f~lnctione of the various quantities needed in com- 

a ,Ion. put t' 

The notation employed is that of Lewis and R,an- 
dall."The standard state chosen for elements is zero 
cnergy a t 0  K, and for gases, that ol the ideal gas  It, 
may be notc:d that energies of formation (const,ant 
volume) and not h.eats of formatlion are employed 
t,lzroughout. The energics are obtained from conven- 
tional heats of formsttion Qr by equation (7), in which 

An is the net increase in the numhcr d moles of gases 
for the unit reaction. Thus, for t,he formation of w a t ~ r  
according to eqrration (8) 

fied van der Wrtals' equation in the Form proposed by 
Abel, shonn in eql~ation (9)) has been usually em- 
ploycd. 

P( l  - I~A)  = r1ART. (9) 

Here A is the density of the gas, l/v, and 7 is the co- 
uol,urr~e which corrects for the apparent volurne ol the 
molecules. The equation neglects the van der Waals' 
correction for the attractive forces between the mole- 
cules, as these may be expected to play only a minor 
role at  the temperature of powder gas. 

For exact thermodynamic studies of powder gas 
such an equation docs not reproduce the P-17-7' rel~i- 
tions with sufficient accuracy. Of the numerous eyua- 
ti.ons of state proposed, equation. (10)) which ia x van 
der Waals' equation cspanded in increasing powers of 
I./V, was selected for Division 1's thennochemiad cal- 
c~ la t , i ons .~~  

The quantities a and b are the van der Wads  con- 
stants. The coefficients of the second and third power 
terms in (b/V) were ~ a l c u l a t e d ~ ~ ~ " ~ ~ ~ ~ ~ ~ ~  to  account 
for triple and higher collisions among the molecules. 
The fourth power termwas added4" t o  make the equa- 
tion merge smoothly into the limiting form for high 
densities, given by equation (11), 

APPROXIMATJ ONS 

RT VR2' It is assumed t8hat there is no energy or volunle 
change of mixing of powder gas constituents. Powder 
gas is thus treated as a perfect sohltion, and its prop- 
erties are computed additively frum those of the in- 
dividual gases. Powder itself is treated a,s a simple 
mixture. These assumptions greatly simplify the rvorl; 
of computation; moreover, the r:ontributions due to 
interactio~ls of unlike molecules, although they are 
not too well known, are small for gas mixtures, except 
perh~tps at  extremely high densities. Experience sholvs 
that at  densities of gas such. as prevail in guns, the 
assw~zpt,ion of simple additivity is fully j~stified."~ 

in which the coefficient 0.6962 is calculated for face- 
ccntered close packing of rigid spheres. For st hody- 
centered lat,t>ice, the value mould be 0.7163, and for 
simple cubic pxcking, 0.7816. 

The van dcr Wttals n appears in these equatioi~s in 
the i'raction aIVR2'. Its effect on the pressure is small 
when T is high, and is ignored in ballistic applica- 
tions. High temperature values of b have been eval- 
uated by statisticalrne~hanics;~~~~~~~~~~~~~~%hey are not 
strictly independent of T, but because the tempera- 
ture coeffici,ent i,s small, they are assumed constant 
and equal t,o their values at  3600 I< in the ballistic 

2.4.2 The Equa-lion of State equation of st,ate. Thoir values differ somewhat from 

for Powder Gas the conventional van der Waals 6's derived from t,he 
properties of thc critical state. Such values are listed 

Actu:tl gases at  high pressures deviate gre:ttly in in Table 2 for powder ga,s con~tit~uents. 
t,heir P-V-T re1:ttionships from the ideal gas. For ap- The covolunle q in equation (1-3) has been evalu- 
plication to the problern of internal  ballistic,^, a modi- ated' 73 by analysis of the on ~ncooled pressures 
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for the N(1) pom-der referred t,o in Scct,ion 2.4.5 and 
Table 4.8vnlue of (1.074 -i- 0.021.) cc per g was recom- 
mended. 

TABLE 2. Van der TT7aaIs constants for constituents of 
po\~-der gas. 

,-- .- 
Q b 

Convent,ionnl* Conventional* High tempi 

*Derived from criticnl constants. 
tCalcrllnted 1)). ~ncens  uf tir,stistiwl mct:hnnice. 

For u rnistul-e of gases, the gas imperfection correc- 
tion mAjT be conlputed additively by the intl*oduct,ion 
of equation (12: or (13), 

where xi and ni a8re the mole fraction and the number 
of molc;.~ of gas i in the mixtme for 1 g of powder, 
respectively ; b' is defined as thc co~,vLurne. 

Important applict~tions of the equation of state 
occur in thc exact cslculation of the pressure, com- 
position, and energy of powder gas. The corrcction for 
the en,erqy of gas irnperfcction is srnall and mag be 
neglected in the simplified calculation of the adiabatic 
flame temperature. The corrections for the pressure 
and t,he composit,ion, on t,hc other hand, are large, 
and neglecting t,hern \\-ould lead to serious crrors. 

The internill cnergy 01 actual gases, unlike that of 

where, for a given gas, the energy of gas imperfection 
is defined by equation (15)) 

E (gan imp.) = E (actual) - E (ideal). (15) 

For a mixture of gases, the energy of gas impetfection 
(in calories per gram of pol\-dcr) is given by 

E (gas = Eni E (gas imp.)i, (16) 

The contribution to the energy of the gas from this 
cause rarely esceeds 10 cal/g at powder gas temper- 
atures. 

Assume the c.u.r.ohumcs to be :tdditive in a mixturc 
of gases (b,,/Ti = b'A) and clcIine further a fictive 
density according to cquation (17), 

where n is the total number of moles of gss per gram 
of powder. Then thc equation of st:ate (10) can be 
solvcd for the pressure in r-ttn~ospheres in accordance 
with equation (18), 

P = 3.5T1A1T[l 4- D(P,2')] (IS) 

in which the n~unerical coeffir:ient 3.571 is the valur: 
of 12/22.98 in atnl/cc/degrec/mole and the function 
D(P, T ) ,  n-hich is the gas inzperfection corrcction, 
stands for the slim of the terms on the right-hand 
side of equation (10) minus 1. 

The composition of po\\~der gas varies with the tenl- 
p~ra t~ure  and density as a result of shifts in the equi- 
libriums of the chemical reactions. For a given rcac- 
tion, the ecyuilihri~m constant ICO for an idcal gas is 
related to the standard free energy change AFO for 
the rcaction by ecp~ation (19). 

an ideal gas, \+ar.ies 11-ith the volime (or the density'). 
The second expression on the right of this equation is 

The contribution is relatively small, :tnd arises ahnost 
the more convenient to use because tabulated free exclusively from the tcmperaturc coefficient of 
energy changcs are usually referred to the energy of 

b - a/RT.  By statlist,icsl mechanical considerations, 
thc standard reaction a t  0 K. it has been evaluated for constituents of po~vder. g:ts 

Becausc the gas imperfection correction is different 
by equa1;ions of the type of equation (14), 

for cliffelbent gases,values of I< ss  ordinarjlyclefined in 
E (gas imp.)i = nf(A, - Bi log 2' - CTi), (14) terms of partial pressure, concentration, or rliole frac- 
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tion x, vary with the density of the gas. The partial 
pressure P,i of gas i, for example, is equal to zip for an 
ideal gas, where P is the. total pressure. For actual 
gases a t  high pressure this is no longcr true, but in- 
stead we may write equation (20), 

in which y;, the activity coefficient for gas 2, and ;ft, 
the fugacity of g a ~  i, ctintain the correction for the 
gas imperfection, as expressed by equation (21), 

The indicated integral may be evaluated from the 
equ:ltion of state; values of In y thus derived have 
been t a b ~ l a t e d * ~  for values of A' up to 0.5. 

The equilibrium constants may be written in terms 
of the fugacities .fi = yJ'i and related to R,, the 
equilibrium constant in terms of partial pressures, in 
accordance with equation (22), 

I<f then rct'ains, a t  all pressures, the vallles of R, 
charactcristic of the ideal gas. The correction for gas 
imperfection, contained in IT, is convcniently intro- 
duced by equation (23). 

Values of G for the various reactions that may occur 
in powder gns as calculated from the values of r, ob- 
tained by equation (21) have been t a b ~ l a t c d . ~ ~  

When i t  is desircd to evaluate the composition of a 
gaseous mixture at  a given ternpcrature T and den- 
sity A, i t  is convenient to deal with Ii',, the eyuilibri- 
um constant in terms of the relativc numbers of moles 
of a constituent, per gram of powder rather than with 
li,. The two constants are related by 

The Adiabatic Flame Temperatu.re 

The energy releascd per gram of powder is the 
energy given up to thc surroundings whcn 1 gram of 
powder a t  15 C is burned to lorm the (gaseous) prod- 
ucts a t  T K and density A g/crn3, as shown in equa- 
tion 24.' 

Er, ( T°K,A) = E (powder, 15 C) 
- Eo (elements, 1.5 C) 

+ (,ToI$ C - Eo0) elements 
- [EO (products 0 I<) 

- Eo (elements 0 I()] 
- (ET' - Eon) products 
- E (gas imp.) 

The tenns B(1) and E(2) together. represent the 
energy of formation of powder a t  15 C from the ele- 
ments at  0 I<; E(3) is the negative of the energy of 
formattion of the products from the elements, both a t  
0 I<; E(4) is the negative of the energy rcyuired to 
heat the products i.n their standard states from 0 I< to 
T I<; and E(5), which is the negative of the energy 
due to gas imperfection, represents the energy neces- 
sary to convert the products from the standr~rd state 
of ideal gas to the act;ual state. E(1) and E(2) are com- 
puted additively from the encrgies of formation of 
powder constituents referred to the elements at  0 K. 
E(3), E(4), and E(5) arc sunilarly computed additively 
from the corresponding energies for the gaseous prod- 
ucts. For this purpose, knowledge ti! the composition 
of powder gas a t  T I< and Ag/cm3is obtained from the 
values of KG, as outlined in the last paragraph of 
Section 2.4.2, and from the composition of the pow- 
der in terms of moles of its elements per gram of 
powder. 

It, will be noted that the highcst temperature that 
can be attained adiabatically by the products is the 
temperature when the cnergy released is zero. This 
temperature is called the adiabatic flame temperature 
To. It is an important constant for each powder. I ts  

.cvihere a is the sum of the number of rnolcs of the prod- * In NDRC Report A-1W4 (P 32) the quantity represented 
here by the sum of E(1) 2nd E(2) is called thc ilegstive of the 

ucts less the numbcr Of of in the encrgy of formntion of powder Tram the elerncnts o t  OK; and 
chemical. equation. the term E(3) is designuted as -EOO. 
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evaluation by the general method just outlined is ex- 
ceedingly laborious, and a shorter method is desirable. 
It was found'" that, since the energies are all corn- 
putcd addit,ivelq,, a considerfible simplification coulcl 
be achieved if a suitable conlpensation could be ma,de 
for ch:mges in the co~nposit,ion of the poll-der gas. It, 
was notecl that, while the gas composition varies con- 
siderably s t  a given temperature for different derisi- 

CL con- ties, the energy released and t'he specific heat < t 
stant volume are not greatly influenced by the den- 
sity except :it very high tempelhatures, when account, 
must be taken of energy-rich minor ~onstit~uents. For 
the large group of powders with TI, not greater than 
3000 I<, equation (25) was proposed. 

To = 2500 +C--- 
r y;C,; (25) 

In  it  yi  is the 11-eight fraction of constituent i of the 
powdcr. 

The numerator of the fract,ion in cquation (25) rep- 
resents the energy yeleased a t  2500 Ii, and the de- 
nominator the average value of C, over the range of 
ternperaturcs 2500 f 500 K, bot,h computed atldit,ively 
from the composition of the po~vder. Thc energy re- 
leased at 2500 I< and the C, were evaluat,ed, first for 
the case of no GO? in the powder gas and second, for 

the case ol no HTO. It was noted that; typical powder 
gas at the temperatures and densities prevalcnt in 
guns contains 77 moles H?O for every 23 moles ol COP. 
The mean energy released at 2500 I< nras therelore 
taken t,o be made up of the two estreme values in the 
ratio of 77: 23. C, has 3 slightly larger value than 
would be espected on this basis, and a ratio of J. : 3. of 
t,he tx-o estreme values was fo11nd to give more nearly 
repre~ent~ative resu1l;s. 

At temperatures above 30m Bit is necessary to cor- 
rect the energy released for tlic effect of dissociative 
equilibriums; when such s correction is made, equa- 
tion (26) results. 

To = 3000- C7046A + 6046 (A" B)". (26) 
In this equation A. and B haw the vdues given by 
equfttions (27) and (28), rcspcctively. 

The xralues of To obtained by this approskate 
method usuallvagree very closely I+-itti those obtained 
by the accurate method. Table 3 gives values of the 
additive constants of powder  constituent,^, C,;, Ei 
(2500 I<), ni snd v i  for reference. 

TABLE 3. hIolar additive constants of powder constituents per gram ol powdcr for computation of adillbatic Rarne 
tcmperatmc. * 

- 
Constituent i c v i  ,ij ' t ~ i  Ili 

Nit3rocellulose t 0.3421 274.6 0.03020 27.56 
(o.oocin) ( - 1421') (-0.0021.~~) ( t l . 0 0 ~ )  

Nitroglyccrinc 0.3439 951.9 0.03083 22.78 
Diphenylainine .3475 -3009.7 .I0637 65.44 
Dibutylpbthalate .4261 -2694.7 .09700 5tj.!)7 
Dinitrotoluene ,321 3 - 708.4 .0040 40.44 
Wntcr .650T - 1587.8 ,05551 24.60 
Scetylene .3755 - 1374.0 .I1523 60.30 
Acetone -5107 -2842.5 .I0331 57.22 
Ethyl alcohol .GO85 -2784.8 .I 0851 56.35 
Ethyl ether .5980 -3073.7 .I2142 64.06 
Centrrtlite .3909 -2873.7 .I0444 V2.60 
Nitrogunnidine 3711 - 60.5 .04804 31..77 
Cyclonite (IiDX) ,3415 622.3 .0405 28.5 
PETN .3485 721.1 .0348 24.9 
Vaselir~e .59S3 -4175.1 .I42 65.6 
Diaillylphthalnte -1408 -2809 .I013 55.8 
Trinitrotoluene .3035 - 110.1 .0484 34.3 
r -  ' 1 rlucetin .4101 - 1973 .078:31 43.77 
Crapl~it~e A349 -3223.8 .0832G 60.53 
N13rii'O:t .4424 405.1. .03748 22.88 
KNOz .2158 25 .00989 23.61 
Ra(N03): .157.4 131 .00765 15.34 
K ~ S O I  .I250 - 860 .00574 9.36 

* Taken from NDitC lteports A-101"nnd .4-142.2"hc x-nlucs of Ei for ~litrocellulose, dinitrotolucnc, ccntrnlitc, and liitropua~lidine have bccn rccalcu- 
luted by JV. S. Belledict Iroln tllerrual data furnished byF. D. Ro~sini."~~""Valucs for ether ha\-e itltlu been uddcd. Thcvalucs of .n; hare been checked 
and modified when necessary. 

t Y = 13.15 - %K. 
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2 4.4 Other Therrnody namic 

Properties 01 Powder Gas 

For complctcncss i t  is desirable to cvaluatc the 
enthalpy, the entropy, and the specific hcats of pow- 
der gas. 

The enthalpy (also called tthe "heat content" or 
"total heat") H is defined by equation (29). 

When referred to its value ut 0 K, the enthalpy rep- 
resents the heat that must be added to raise the tem- 
perature of the gaseous products from 0 K i;o T K, the 
products being mdntained in thermal and chemical 
equilibrium throughout, a t  the equilibrium pressure 
PiT)  correspondirig to the givcn density A g per cu 
cm. The E term in the definition is - [E,,,(,K, 
-Erd(pK)], taken negativc because the energy re- 
leased is given up by the system. The PV term is zero 
at  0 OK, since the equilibrium pressure a t  this temper- 
ature is zero a t  all densities. Accordingly the enthalpy 
a t  0 K, ~ J o  equals -E,,, (o .I<,, and the enthalpy H 
a t  any temperature T referred to  its value at  0 K 
is given by equation (30), 

H - (HT - JIo) = R.1 (O R) - E,,, (T R) 
+ 0.024214r~l'V, (30) 

which may be writtcn as equattion (31) 

in order t o  introduce the symbols used in the Division 
1 system of ballistics (Section 3.1 'I, H bcing cxprcsscd 
in cn.lories per gram and P in at~nospheres. 

The ratio of specific heuts, y = Cp/C,,, rather than 
the separate values of C, or C,, finds extensive use in 
the calculations of interior ballistics. It will be evi- 
dent that, whcn the energies released and the enthal- 
pies are tabulated for different values of T and A, C, 
and C, may be obtained from equations (3$ and (32). 

The ratio of the specific heats for the gaseous prod- 
ucts in the state of the ideal gas (?(') is given by 
equation (34), in which C,O in calories per mole may be 
obtained from tabular differences of ni(ETO - EoU)i at, 
two different tcmperaturcs 1', summed up for the 
separate powder gas con~t~itucnts i. 

n R  
yo = 1 + -- (3 1) C,O 

At high densities and pressures, where the energy of 
gas imperfection may become significant, an accurate 
value of 7 may be obtained from equation (35), 

in which C, is givcn in cal/g/degrec K, P is in atmos- 
pheres, and the other symbols have thcir usual sig- 
nificance. The derivatives are obtained from graphs of 
(A  vs P)T and of ( P / A  vs T), by use of the relation ex- 
pressed by equation (3ti). 

An effective ratio of thc specific heats irefi) nlay be 
obtained on the assumption of equation (37) combined 
with equation (38), 

(C, - C,) = nR (37) 

where (F) is the "force" or impetus, nRTo. I t  may be 
notcd here that the influence of pressure on the spe- 
cific heats or their ratio is small, and arises from the 
small temperature coefficient of the energy of gas im- 
perfectlion. 

The entropy, aside from its intrinsic value, has use 
in the con~truct~ion of Mollier diagrams. Equat,ion (39) 
expresses the entropy for the mixture rcpresentecl by 
powder gas. 

ETO - EoO E (gas imp.) FTo - Ego S = + - 
T T T 

- nR[ln (3.571. TA')  + Ex, In xi r % - I.]. (39) 
1. 

In using this equat,ion (ETO - EoO) and (Fro - EoO) are 
obtained tldtlitively on multiplying the number of 
moles ni :tnd the rcspective energies for the diffcrerlt 
gases, and is given by equation (40). 
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2.4.5 Applications of Therrnody na~nics 
to  Pow-der Gas 

Thermodynamics has been applierP4 to the calcula- 
tion of properties of pol+-cler gas from anumber of dilfer- 
ent propellants. Space does not permit considering 
thesein detail.Typcs of results obtaii~cd are illustrated 
inFigurc 12, giving the energy releascd for anitrocellu- 
lose. po\\,der [designated44u "N(l)"], similar to the U.S. 
Xavy Pyro powder, nn Fn'EI powder, lot No. 1358 
(designated "D") and a cordit(: [de~il?;natcd~40,~8 
"C(l)"] ~ont~aining 283% nitroglycerine. In  each case 
the Er,, is given for t~l-o densities, as indicated in the 
figure. At the lower temperatures, Er,, is not a sensi- 
tive function of the densitv, but near 3000R and . . 

higher the dissociation of t,hc main prod~ct~s,  is 
influenced by the density, becomes appreciable, and 
the energy released reflects this. The adia,batic flame 
ternpcratures I; for these pox\-dcrs are the tempera- 
tures a t  Ere, = 0. They are for A = 0.25, 2015 K for 
p~lvdcr N('l.), 2575 1.i for pol\-der D, and 3735 K for 
powder C(1) .The values calculated by a short method23 
are 2899, 2577, and 3727 R. Calculated values of the 
thermodynamic properties of British po\\rdcrs liave 
been tabulated." 

TABLE 4. C01nparis011 III calcdated ~~ncooled pressures 
for N(l)  powder gas with experimental vitlues of CI.O\\- 
a,nd Grirushaw as coisrec,ted t>y Kent and Vi11ti.~31 

n~aking the calculations\\~c hay* in,doptcd 300 I< as tlle 
calorimctcr temperature and aswmcd the ~\-\-:l,ter gas 
equilibriuri~ to fi-eezs at  u series of tcmpei*a,tures T,' 
from 300 to 3000 li. In \:~cTT of the quenching results 
tliscusscd in Section 2.3, the values lor T = 2000 I< 
and i~bove obviously l-ln\.e no physical significance 
ant1 a1.i: included for another pwpose to be nlaclo 
evitleiit; s l l~~~* t ly .  The results, considering water gas 
 constituent)^ and nit,rogeii onl), a t  densities A' = 0, 
0.1, 0.25, s11d 0.4 are given in Table 5, for ~vnt~er gas- 

2.4.6 Comparison of Calculated Ther:mo- 
dynamic Proper,ties with Experimental Ones 

PRESSIJRES 

The pressurcs cdculstcd theimocl~rnnn~ically arc 
the uncooled pressures-that is, no allo~vnnce is rnade 
lor heat loss to the \~:tlls. hle:~surcd pressmcs are ", 
lower. A method1" of correcting observed pressures 
for heat loss has been dcrived at  Aberdeen Proving 3 400 

Ground. A co~~iparison of the cdcillated pressuras at  
To 'ovith.corrccted obscrcerl pressures for po\\-der gas 
from powder N(1) are given in Table 4. 

K 

> 8 
Y 

HEAT OF EXPLOSION 
r 7 l h c  heat of esplosion, per gr:tm of po\vder, a,s ob- 

served in :L closed chamber calorhet,er is equal t,o the 
energy released at  the calol.imet,er temperature (water 
liquid). It is of interest to determine the influence of 
the gas coinposition on the energy releasetl, and com- 2000 3000 

pare the result with a nleasured heat of explosion. The TEMPERATURE IN DEGREES K 

power  selected for this is powder ?iT(l!, for which a FIGURE 12. Ericrgy released versus terrlperat,ure for 
cdorimetric ~ - a l u c ~ ~ ~  at  a density of loding  0.1 is 936 t,hree l,iftercllt po,l-de,.s. (This fig,,l.c is base. dnta in 
cal pcr g (water liquid, no gas ax~;ll~-sis is given). In KDItC Rcport A-116.) 
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TABLE 5. Energy released at 300 K for Crow and 
Grirn~haw's~~O N (1) pon-der, calculated for the indicated 
values of A', and T,', water-gas constit,uents only. 
( A  = 1 .05943At lor this powder.) 
- 
T,,'lA' 300 1000 1500 2000 2500 3000 

work the powder gas is assumed to be quenched a t  a 
series of temperatures T,' as defined earlier in this sec- 
tion, and the free energy of thc reaction of the 
quenched gas wit,h the surfsce of the bore at, its sur- 
face tcmperaturc T ,  is calculated. The work is pre- 
sen.ted in detail in Sections 12.2.4 arid 13.3.3, together 
with a slightly different approach1" to thc same 
problem. 

0.25 (938.3)* (864.7) (837.7) (827.7) (823.0) (820.6) 
938.3t 935.5 934.4 934.1 933.8 933.8 2.5 POWDER GAS RADIATION A.ND 

0.40 (954.4)* (864.8) (832.1) (824.6) (821.3) (819.6) 
954.4t 948.0 946.5 946.0 945.5 945.7 TEMPERATURE 

* I3 ,,I :,,, I< water gaseous. 2.5.1 Temperature Determinations 
T e .,, ,,, . water 1iq111d. from Radiation Measurements 

eons (in ~a~renthescs) and for water liquid. The feature 
to be noted is the negligible effect of Tof and hence, of 
the shift of the water gas equilibrium on the energy 
rele,ased (water liquid). 

The value of thc heat of explosion calculated for 
A = 0.10 (A' = 0.0944 with r~ = 0.041075 mole/g) for 
T,' = 1500 K is 92.07 cal/g.The rnethanc formed and 
its influence on the properties of the gas a t  1500K 
had been, calculated?4 previously. The presence of 
methane, because of the large amount of heat evolved 
in its formation, increases thc energy released. i f  its 
equilibrium quantity at  1500 I< were formed, and the 
equilibrium froze at  this temperature, ErC1 300 K a t  
A = 0.10 would be increased by 18 cal/g, making a 
total of 939 cal/g, in comp~~rison with the mcasured 
heat of explosion of 936 cal/g. The agrecrnent is excel- 
lent. Actually the methane equilibrium tends to 
frecse-in at  a T,' of about 1800 K,\vhich would mean 
a sorns\vhat lower th.m equilibrium concentrat,ion 
ai; 1500 K, and a low-er contribution to the energy 
released. 

The use of a ral7~olzal heat of explosion, defined as 
the amount of heat liberated per gram when the pow- 
dcr gas cools from the adiabatic flame temperature to 
room temperature without a change in composition 
bas been a c l v o ~ a t e d . ~ ~  The rational beat is identical 
with t,he E,,, a t  the calorimeter tcmperat'ure, (water 
gaseous), with T i =  To, A = AO (density of loading), 
provided all, the powder burns. For N(1) powder gas 
a t  Ti = Tu = 2915 I< and A = Q.:I.O i t  is 81.7.5 call$, 
as interpolated from Table 5 ,  values in parentheses 
(water gaseous) . 

Among the many applications of thermodynamics 
to powder gas that might be menti.oned, an out- 
standing example is given by an interpretation of the 
chemical thern~odynamics of gun erosion.B0 In this 

Thermodynamic calculations for powder gas yield, 
as is shown in Section 2.4, a value for the uncooled 
pressure Po, and the adiabatic flame temperature To. 
In interior ballistic calculat,ions certdn simplifying 
assumptions based on experience are made concern- 
ing the hurning rate, heat, and frictional loss, and 
these with a simplified ecluation of state for the gas 
enable the course of the pressure and temperature to 
be computed as a function of the time or travel as 
described in Chapter 3. On the experimcntal side, the 
advent of thc piezoelectric and th.e electrical-resistance 
strain gauges make possible a, measurement of 
the pressure as a function of time as described in 
Chapter 4. 

Until recently, however, there has bcen no reliable 
measurement of the temperature for powder gas. In  
.the past, attempts to measure the temperature have 
been made with thermocouples, and by inclusion in 
the propellarlt of metals in thin sheets or in pulver- 
ized form. These methods have failed to supply adc- 
quate information for reasons which need not be dis- 
cussed here. More recently studies were made in 
England of the spectral distribution of the emitted 
radiation, generally st low density of loading.352~35n~393 
These have shown a contjnuous background radia- 
tj,on together with lines of Na, K, xn.d CaO bsnds. 

In an in~es t iga t ion~~  attheGeophysicad1,aboratory 
for Division 1 experimental methods were developed 
for precise measurements of the radiation from burn- 
ing propell.ants a t  densities of loading corrcspondjng 
to those in guns. The stumbling-bloclr in making 
radiation measurements a t  high densit,ies has been 
thc lack of u strong enough window. Su.ccessfu1 use 
was made a t  pressures up to 50,000 psi of [used quartz 
windo~vs of the l'oulter type540 in which a plane 
polished window s~~rSat:e is brought in contact with a 
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plane polished surface of a hardened steel supporti.ng 
plug. 

The first results of this invcstigntion showed that 
at  a sufficiently high density ol loading (0.03 mini- 
tnum, ~1-it11 a path length of 1.75 cm) the radiation is 
not only continuous, but has a sp~ct~re.1 distribution 
closely resembling that 01 a black body,' and that 
hence, a po11-der gas temperature can bc determined 
from nleasurernerits ol the radiation intensity. 

This principle n.as then applied to the develop- 
ment of the photoelectric pyronlcter described in Sec- 
t,ion 2.5.4. With i t  studies have bccn made of t,he 
temperature of poll-der gas in ernall closed chambers, 
in a jet propulsion motor, and in the 3-in. gun a t  
Carderock described in Section -1,.2.2. The results are 
presented briefly in Scction 2.5.5. P r e p a r a t i i j n ~ ~ ~ ~ ~ ~ ~ ~  
mere made for similar measurements tto be carried 
out during the firing of a 90-mm gun, M l A l  a t  Car- 
derock (Section 4.1). 

2.5.2 Spectral Characteristics 

01 Powder Gas Radiation 

Spectra of rzl,diat,ion emitted by po\t"der gas at  very 
low densities of loading or a t  early times in firings :tt 
intermediate ancl high densities of loading in a closed 
chamber consist ol discrt:te lines and bands superim- 
posed upon a c,ontinuous ba.ckground. In  specific ex- 
periments the discrete fcatures observed had their 
origin in resonancc transitions of potassium, so&um, 
calcium, (and calciuln oxide), barium, iron, chromium, 
nickel, anclvanadium, in the order of t8heir prominence. 
1\ hydroxyl (011) band at  3064 A \!-as observed in 
absorption, and a faint band near 8150 -4 may be a 
vibrational bacd of water. The chromium, nickel, and 
vanadium, together wit11 sonle of the iron, probably 
came from the nichrome wire ignit,er; the othcr sub- 
stances were prese~~t  in poll-ders either as impurities, 
or as a deliberate addition to make the powders 
"flashless." 

The intensity of the continuous rsdiat,ion increases 
with the gas density and length of path; 11s thcdcneity 
increases some of the stronger discrete lines rnay ap- 
pear in reversal. The solc origin of the lines and bands 
in resonance trsnsitions, and the intensity of the con- 
tinuum are evidence that the spectra are thermally 
exc,ited. 

None of the inajor constituents of powder gas emil; 
st,rongly enough in the visiblc ancl the near infrared, 
in comparjson with the inorganic impurities, to malie 
a detectable contribution to thc spectrum, ,with the 
possible exception of water vapor. Among the free 
radicals, only 011, CN, CH, and NI2 might he de- 
tectable. 

r 7 l h e  continuous spectra may have their origin in 
(I) recombination of free radic:~ls which ~vould not 
lead to black body distribution of intensities, or (2) 
glo\\ijng "soot" or inorganic particles. The latter 
alternative is rnuch the Inore proba1)le. It has been 
s11o~l-n that particles of diameter 1 p or less assume 
thc t>emperature of the gas in times of thc order ol 
0.1 msec. The radiation in si.ich a case wonltl have a 
~Listribut~ion closely approxima.ting ths.1; of a blaclr 
hody at  t,he temperature of the gas. 

A characteristic spectrim obtained with a moving 
fihn spectrograph at  a density of loading 0:082 of 
13ercules No. 2 ~ i s t ~ o l  powder is shown in Figure 13. 
Microphotometer traces of this and similar spectra, 
togetherwith cornparison spectra of the tungsten fi1a.- 
rnent heated at  known color temperatures, are repro- 
duced inFigure 14, where the legend explains 1;hc vari- 
ous experimental conditions, I t  will he noted that as 
time, and hence the gas density, increases cluring a fir- 
ing, the relative prominence of the sharp peaks cor- 
responding to line structure decreases until, all the 
tracings asslune the same generd shape. The coinci- 
clence of the tungsten ship and the pocvder gas spec- 
tra is a strong indication that, as the density increases, 
the spcctral distrib~t~ion of the continuous r.adi6- LL t. ,I on 
approaches that of a black body, at, least for the\\-ave- 
length range 4000 to 6ilOO A observed in, the experi- 
ments. 

Meas~~rernents of the emissivity and ilh~orpt~ivity 
ol powder gas at  various densities also showed that 
unit erniesivity is rapidly approached at  valucs of the 
density times the lcngth of path about 0.06 g/crn2. 
The actual value of the density at  ~ h i c l i  a stated ernis- 
sivity c is reached depcnds on the mass crnissivity k 
chsracterizing the gas lrom a particular po\vder, as 
given in equation (41), 

where A is the gas deneity and I the length ol path. 
Values of k found for NH a n d F N E M 2  po~l-der gas, 

for example, \\-ere 34 and 120 cmvg. In  a gun at  a time 
-- 

The black body char~cteristics of powder gas radiation when A = 0.2 g/cm" 6 = 0.9 v-ould be expected to be 
wc,.c earlier by col. Libesart"s7 who, however, does not reached with such pox\-ders in thicknesses of gas 0.34 
appear to hnvc ca.rried the nlatter further. and 0.095 ~ m ,  and E = 0.90, in 0.68 and 0.19 cm, re- 
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spect,ivcly. Gases from po\\"ders containing large 
:txnount#s of inorganic constituents tend t,o be char- 
acterizcd by high values of k.  

2.5.3 Characteristics of' Radiation 

The intensity of radil~tion emitted by a body in 
tllcrnlal and radiative equilibi~iuin J(X, l ) ,  a t  the nbso- 
lute temperature T and a t  the wavelength X is accur- 
ately expressed by theivell known Planck disttril)l~tion 
law ; for te~nperatures belo~v 4000 K and 11-avelcngths 
in the ultraviolet, visible, and near infrared, it is ex- 
presscd~vithout appreciable error (less than 5 dc!grees) 
bv t,he simpler Wicn equation, equation (42), ill \vllich 
cl = 2rhc2 = 3.740X 1e6 erg cm2/sec-1 and cz = l~c/lL. 
= l.-:k3G cm/deg. 

- c2 J(X, T )  = c1X-& exp - 
AT ' 

Eclua,tion (42) has been confirmed by prior experi- 
ments for I\-a\-clcngths in the visible and ultraviolet 
rcgions, even at  the highest ten~peraturcs. 

As a, consequence of reflection and the possible fail- 
lire of Larnbert's cosinc lam for solids or liquid?, or uf 
lo\v mass emissivjty lc for gases, real bodies mag- ra- 
diate less than a black body. The ratio of the surf:tcc 
brightness B(X, T )  to  that of a black body L',jx, T') 
= J(h, T) is given by the spectral cmissi~ity E(X, T) 
\\-hick in general is less than unity and T-arics ~ ~ i t h  
110th the ternperat'ure and the wavelength. The spec- 
t,rsl distribution of brigllt,ness for such bodies there- 

Such a color mati:h may not be possible for all wave- 
lengths, but i t  can be made for two selected ones, such 
as 6650 and 4670 A customarily used in pyro~netry. 
The apparent temperature T,ii thus defined is usually 

<L ure. ternled thc koo-color or the red-blue color temper t 
The tkiree ternperatul.es, Si, TCii and 1', the spectral 
emissivity ~i and the tit-o-color emissivity ecij are con- 
nected by the relation in equation (45). 

-cz B(Xi, T )  = c1*5 CXP - 
Xi Xi 
- Cz 

= clciXi-5 exp -- Xi 2' 
- c2 = c~c.i~Xi-' esp - 

X i  T,ii ' 

where Si is define,d for any one Xi, T,ij for any two 
Xi and Xj  and T for all values of X. 

In  particular, the ratio of the brightness a t  two 
wavelengths A, and At, for a body at  the Lemperature 1' 
is given by equation (48). 

From this equation i t  is evident that Tc = T if e,/ca 

= 1 even though E, and th separately are not unit,)-. 
Since the ratio eT/e& for two fixed wavelengths A,. and Ah 

is only ameak function of the temperaturc, it  nay he 
assumed constant nrithout un a,pprcciable mror ; equa- 
tion (46) may then be expressed by the simpler cqua- 
tion (47), 

fore differs &om that of s black body. 
which is lincar in rt:ciprocd T or T,. For any one selected ~uavelength Xi i t  is possible, 

As 11:~s already been statecl, the ernissj~rit~ies of pow- 
howeverh, to define an apparent briqhtn,ess t~n~per.rrtlo-e der gas approximate unit,y in a ~ufficicnt~ly -t!licl; lapcr ,Sf, by Wien's law s u d ~  that a black hody at Si has the 

of gas even a t  quite low densities; when this is true, 
same brightness r~s  Lhe real body a t  T ,  as shown in 

the brigl-ltness, color, and the t,ruc temperature should 
equation (13) 

coincide. For subst,a,nccs having relatively lo~v emis- 
-c2 B(Xi, T) = cl X i h  exp --- (43) sil-it,ies, ho~vever, the dilferences may be quite large, 
Xi Xi - and dcpendenl; on wavelengths. Thus, for tungsten, 

St will in gcneral, be different for every Xi. which is of interest because i t  is uscd in nmlring calj- 
I t  is also possible to sccl~ a second a,ppnrcnt tern- brations, i t  is found at  T = 2500 I<, with h, = GCiSO21, 

peraturc, the color ternperolure Y',, such that s black = 4670 A and E,. = 0.4250, ~h = 0.4620, that 8, 
C T  body a t  T, has the same spectral distril.)u~;ion as the = 2213 li, A',, = 2352 K, E,  = 0.338 and T, = 2553 1;. 

real body st T, as expressetl by equation (44). 11, on the ot,hcr hand, X,. = 9000 A, Ab = 4500 9 lvit11 

- cz 6,. = 0.3G10, ei, = 0.4655, tllen S, = 2156I<, S b  = 23591<, 
R(X, T )  = c ~ X - ~  esp - ATc - (44) cc = 0.2800, and T,  = 2604 1C. 
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2.5.4 Photoelectric Pyrometer 

for Powd.er Gas 

In  the burning of powder in closcd chambcrs and 
guns the total time in which a quantitative measure- 
men.1; of the radiation must be secured is of the order 
ol a few milliseconds, and i t  is desirable to have a fre- 
quency response up to lo5 c. Among the possible 
methods of securing such a measurement, the nlost 
advantageous appears to be the use of vacuum-typc 
photocells to observe thc radiation, combinedwith 0s- 
cillographic recording ol the photocell response, as a 
function of time. In photocells the response is in- 
slantaneous, directly proportional to the intensity ol 
radiation over a wide rangc, and moreover, cells are 
available with spectral scntivities such that different 
spectral regions may be explored. 

ALUMINUM BOX 

Measurements for ~alculat~ing the brightness tern- 
perature Xi [defined by equation (43) ] may be made 
with single cells ; it ismore desirable, however, to make 
measurements with two cells simultaneously for de- 
termining the color temperature Tc [defined by equa- 
tion (44)], inasmuch as many factors which assume 
undue importance in the single-cell measurements bal- 
ance 'out when two cells are used. This is especir~lly 
true concerning the absorption of radiation, by the 
window, the transmission throug.1-1 which varies with 
time owing to the tleposition of sxnoke particles. 

The ieol~~ti,on of wavelengths or wavelength i:anges 
transmitted to thc photocells can be rnade by a mono- 
chromator or by filters. Because of the usual small 
aperture of monochromators the oscillograph deflec- 
tion is very small unless the photocell response is over- 
amplified ; i'or application to recoiling guns their use 
would be unworkable. The method was tested, how- 
ever, and for research purposes m-ith ins1;rumenl;s of 
high light-gathering powrtr, is deserving of further 
trial, particularly with low-density firings when 
deviations from black-body conditions may be im- 
portant. 

For-r0utin.e measurements wavelength ranges may 
be isolated by appropriate glass or gelatine filters. 
Suitable combinations for the two-color measurement 
are the 1iCA phototube 922 or 925 with Wratten filter 
87, giving an effective X of 9000 A and 8600 h respec- 
tively, and an RCA phototube 929 with filter 556 
effective X 4450 A; with filter 51 I., effective X 4200 A ; 
or with filter 43, effective X 4800 A. Ccll929 can dso  
be used wit,hout a filter when its effective X is 5000 A. 

For photoelectric meas.mcmentls by the two-color 
method, the radiation as i t  emerges from the window 
in the pressure vessel or gun must be divided so that 
separate beams may rcach simultaneously the red- 
sensitive and blue-sensitive photocells. This may be 
done by a spectrograph (provided with, two emergent 
slits) or better, by a semi1;ransparent mi.rror. One of 
the "pyrometers" incorporating this feature and de- 
signed for moun.ting on a 3-in. gun is illustrated in 
Figure 1.5. (See Section 4.4.13.) 

In  this installation the radiation from thc window 
W passes through a condensing lens of suitable focal 

I I I 12 3' I 4. INCH length, and is divided by themirror so that part of the 

FIGURE 15. A two-color phot~oelectric pyromc:ler for 
beam is reflected to the "red" cell, and part trans- 

mounting on a 3-in. gun. (l'bis figure bas appeared as mitted LO the "blue" cell. Gelatine filters arewrapped 
Figure 26 in NDRC Report A-323.) around the phototubes. Since the pyrorneter recoils 
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with t,hc gun, relative vibration of the photocell e'le- ineasurc of the elnissivity of the gas; thc absolute 
nlents may he objectionible. To minimize this, the value of t21c emissivity may be determined from the 
alunlln~un box holding the cells is arranged to swivel ratio of tlle observed photocurrent to that which 
around the retaining plug eo it may he oriented for would be produced under like conditions by a black 
the axes of the cells to 1113 parallel to  the direction, of body at  thc same temperat,ure. 
motion. The ~ a l i b r a t i o n ~ ~  of the inst,l.ument is carrjed out by 

FIGITRE 16. Oscillographic calibrr$tio~l rccurd for [,he 
two-color photoclec0ric pyrorneter, giving traces cor- 
responding to the statccl color tJcmperabures of :I, tung- 
slcri sllrip-filt~ment;, a t  three amplifications in the ratio 
1:5:10. As t,he t,cmperature inc,reases, the blue/red ratio 
increases. The dot and dash curves are curves of con- 
slant enlissivjby for the two low-er nmplifications. (This 
figure has appeared as Figure 10 in XU'IiC Report 
A-252.) 

The out,put, of the photocells is led first to a pre- 
anlplificr giving fixed gains adjustable jn steps, and 
then to a cathode ray oscillogmph. The output of each 
photocell may be recorded separately its a funct,ion of 
time by a rotsting drum camera or by using a recur- 
rent sweep a,nd a, still camera. For the two-color meas- 
urement, the out,puts of the tn-o cells arc c,onnccted 
individually to the X- and of the oscillograph; 
the spot then moves at  an a,nf;le wl~ich is a measure of 
the ratio of the two amplified photocmrents, and 
thereby, becomes an index of the color temperature. 
The timpli.tude of the motion ol the spot is similarly a 

comparison TI-ith a tungsten-strip lamp operated a t  
known brightness tempcratures, culibratedwit,h refer- 
ence to an, optical pyrometcr. A typicitl ca,lihmtion 

FIGIJRE 17. Re~ult~s of series of calibration 1,ecords 
made by t,l~e tv-o-color pho1;oelectric pyromclcr. The 
photocur~.ent.is plott,ed versus thc color temperature of 
the tungsten filament. Circles represent espe~irnental 
points; the slopes of the R and B lir~es were c,alculetccl 
from thc photcrtubc sensitivities and filtjer transmissions 
in colnbination with the TT'icn formula and the l<nown 
ernissivi t,y of tungsten. Vertical adjust,mcni: of the curves 
is lnaile t,o fit the inrlividultl sensi tivities of pho1;otubes 
usecl. (This figure has appeared as Figure I1 in NDRC 
Report, A-252.) 

record obtaincd mith the two-color. pvrometcr is re- 
produced inFigure 10, and a plot of a series of calibra- 
tions is given in Figure 17, where the logari t h s  of the 
photocurrents of the red and the blue cells and their 
ratios are plo1;ted against the reciprocals of thc color 
temperature Y',. 
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2.5.5 Determinations of 

Powder Gas Temperatures 

During the course of developlncnt of the photo- 
electric pyrometer, many firings with four typical 
propellants (NH, FNH-M2, single-base pistol, dou- 
ble-base pistol) mere made a t  loading densities from 
below 0.01 to more than 0.25 in closed vessels pro- 
vided with windows. Only onc series of six shots a t  
A = 0 20 with NH poll-dcr, designed to test the re- 
producibility, will bc discussed here brier'y. 

FIOTJRE 18. OsciXlopraphic (e~llpe~.ature record in a 
closed chamber hying. t,aken with s. two-color photoele,c- 
tric pyromcter. Arrow-s indicate the advance of ti!ne. 
Calibration traces at color tjcn~peratlures of 249lK and 
2604 I< arc superposed. 

Figure 18 gives a txo-color oscillogr*aph record for - 

the first shot in the series, with three superimposed 
calib~*ation traces. The direction of motion of the 
oscillograph spot is indicated by the arrows. Timing 
dots on the trace give a correlation of events with 
pressure-time, and with red (or blue) radiation in- 
tensit,y-time traces taken simultaneously with other 
oscillographs. From measurements of the ordinates 
and abscissas a t  any point on the trace the photo- 
currents and their ratios are evaluated, and from 
these, nith relererlce to the calibration ahart, the 

temperatures. Once the temperatures are known, the 
apparent rclative en~issivities (c,)r or (cb)Y can be 
calculated by comparing the photocurrent in firing 
with the photocurrent in calibr~~tion for the particu- 
lar value of 7'. 

Tlie results for the six shots i11 the series are sum- 
marized in Figure 19 which gives the pressures and 
the emissivities, referred to their values a t  rupture 
(release of pressure), and the individual values of the 
two-color t,emperakmc T,: for the various firings. The 
pressures appear to be reproducible to within 2 per 
cent of tile average curve, Tlie emissivities show a 
much gretiter variation, but i.n genertll they risc to 
the saturation value before the prcssure rises to 20 
per cent of its final value. 

The general course ol the temperature with time is 
shown to be similar for all the six sh.ots: with indi- 
vidual variations, there is an initial peak followed by 
n drop, and then a more gradild rise to the final 
value. I t  will be noted that part of the time the 
emissivity exceeds unit,y. This appears to be common 
for E,- while the powder is itci;ively burning, and may 
be duc to the same causes as the strong infrared 
ernission observed in a separate investigtltion'" al- 
ready referred to in Scction 2.2.4. The indiviclual 
variations in tempt:ruture may arise partly as thc 
result of irregular ignition and burning ol ponder 
grains ; more specifically they enlphssiae the inherent 
varia,tions in the local temper~turc of gas in turbu- 
lent motion. When the gas is comparatively opaque 
(high mass emissivity li.), the radiation mh.iah is cniit- 
t,ed comes frorn a cornpara,tively thin layer next to 
the window \\,hick inay be cooler than the average, 
and whose temperature may be varying because of 
1oc:tl pressure inequa.lit,ics and other sources of imper- 
fect tkerrna,l equilibrium. 

As part of the comprehensive series of internal and 
e~t~ernal  ballistics ineasurements with the 3-in. gun a t  
Carderook, desc,ribed in Section 4.2.2, measurements 
for dctcrmining the powder gas temperature mere 
taken, first through holcs into the chamber alone, and 
later, in two other positions, one 1.0 in. and the other 
51 in. ahead of the forcing cone (see Section 4.3.16). 
Firings were made with Navy "SPDN" and "SPD" 
pomde~.s (NH :md pyro, respe~t~ively) a t  full charge, 
and a t  fracjtional charges down to 0.50 of full charge. 
rrl~e details are given in separate  report,^."^^""^" 13er.e 
i t  is possible to reproduce only two examples oT the 
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resul ts  obtained.  Measurcmcrl ts  were taker1 with t h e  color t empera ture  T ,  or thc single-color br ightness  

two-color pyrometers ,  a n d  w i t h  single-color pyrom- temperatures T R  o r  Tn. 
etera i the tempera tures  Irere determined as t h e  t \ o -  F igure  20 gives n correlation of the temperature, 

TIME IN MSEC 

FIGURE 19. A diagram illust,rati~lg t,hc reproducibilil;~ ol results in six consecutive kings in a closed chember, with NII 
pon-cler. 7:h: ahsolute tempc~at 11re T, the rcla.tive emissivity ( E  = d / c - r ) ,  B ~ C I  the pressul,c (T = Pt/Pr)  are plotted ss 
lunctiorls 01' time. 'Chc cillissivities and pressures are expressed in t,crnls of their vltlucs at r ~ ~ p t ~ u r e .  Single curves arc (Iran-n 
to represent average c a,nd x fol. ;ill ~ h o t ~ ;  t,he 2"s arc s l~c t~hed  individually up to the time of ruplurc; t,hereaiter they 
are roughly parallel. (This figure has appcarcci :is Figure 24 jn NDHC Report A-252.) 
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~ ~ ~ G U R E .  20. Powder gas temperature, ressurc and ernissivjty curves for x 100 per cent rauntl with SPnK ((NH) powder 
in 3-in. gun, plotted ns fun.ctions of tiwe. Tempcrai,u>es represcr~ted are those observed through a w-indow iol-o tihe cham- 
ber of thc gun. Note the large diberences between YYR, TB, arrd T', whilc the pow-der is actively bunling, resulting rr.orn 6, 

being greater t,han unitv. (This figure hw appearcd as Figure 58 in NUlZC Report, 6-323.) 

the pressure, and the emissivity for one round with 
SPDN powder from measurements taken a t  thc 
chamber position. I t  will be scen that during thc 
early stages of burning there is a parallelism between 
the results in the gun and those obtained in the closed 
vessel (Figure 19). The outstanding difference he- 
tween thc two lies in the course of the emissivity with 
time. Again ET exceeds unity and also exceeds cb, 

hcnce Tn > Tn > T, ; howeverh, the emissivity builds 
up laster to saturation in the gun than in thc closed 
vessel. This is largely because of the presencc of black 
powder in the gun primer; the mass cmissivity k for 

black powder gas being much higher than that for 
NI-I pow-der gas, the gas in the gun becomes more 
emissive carlier in the shot. 

Figure 21 presenhs the course of the temperature 
with time, averaged for 13 full-charge rounds, with 
ineasurements taken a t  all three positions on the gun. 
It will be noted that the temperatures measured in 
the chamber (position 1) are higher than the other 
two throughout the round, arid that, hence, th.ere is a 
large gradient of temperature between the ch.amher 
and the bore. There is a similar but not so pronounced, 
gradient of pressure. The temperature gradient is 
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greater than can be accounted for quanti.tatively on 
simple btillistic theory.M-J13 I t  is believedthattransfer 
of heat to the walls must be largely responsible, inas- 
much as heat transfer bct,m-een the forward portions 
of the gas and the ~valls takes place much faster than 
that between the Sorv-ard and rear portions of the gas 
itself. Because of the high opacity of the gas, and the 
high rate of heat transfer to the ~vnlls, the temperatures 
measured are those of a relatively thin layer of gas 
cooler than the average, near the ~i~indom; a t  the for- 
ward holes, this effect is likely to be much more pro- 
nolinced than in the chamber, and hence the observed 
temperature gradient may be more apparent than 
real.ll" 

Firings in an experimental jet propuleion motor, 
2% in. inside diameter and 9 in. long, equipped with 

two dismetrioally opposite windows placed near the 
nozzle end were made with six different rocket pom- 
ders, both salted and unsalted. The pressures ranged 
up to 3,000 psi. Meas~ircinents were taken with a two- 
color photoelectric pyrometer through one window, 
and spectra were photographed through the other, on 
~t~ationary or moving plates, with a small Bausch and 
Lamb quartz spectrograph. 

The experimental findings showed that with salted 
polvders even a t  fairly low pressures of gas, and with 
unsalted powders a t  pressures above 1,000 psi the 
radiation mas near-black-body in distribution, and 
characteristic of temperatures considerably lower 
than the (isobaric) adiabatic temperature. At low 
pressures the spectral features, photographed from 
TOO0 A to shori;er wavelengths, were emission lines 
and bands due to resonance transitions in I<, Na, Ca, 
CaO, Fe, Cu, and CuH, together with a continuous 
background. No nonrcsonsnce lines or bands were 

TIME T O  EJECTION IN MSEC 

FIGURE 21. Gas temperature versus lirnc curves averegcd for 13 rounds a t  100 per cent charge with SPDN powder in a 
3-in. gun. The Icmpcrat>ul.es were observed a1 three positions: TI, chambcr; T?, 10 in. ahead of origin of rifling; T3, 51 in. 
ahead of origin of rifling. Sot,e thc large apparent gradjcnl: of terr~perature between hole 1 and holes 2 and 3. (This figure 
haa app~arcd ~ L S  Figure 58 in NDRC Report -1-323.) 
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tinuous radiation, intensity was very low in compari- 
son with that of the observed bands, i t  is possible 
that the bands, if suprathermally excited, may re- 
main Inore intense than tthe continuous backgronnd 
even at  gun pressures. 

The errors in temperature introduced by depar- 
tures of the c~nissivities of powder ga,s from unity are 
evident fro111 equations (48) and (49)) which are ob- 
tained by recasting equations (42), (43), and (44). 

Thus, if ~b = 1, E ,  > 1, the blue brightness temper- 
aturc is the corrcct temperature, the red, S ,  (or T,) 
is too high, and T ,  is too low. As an orienting calcula- 
tion taking A, = 9000 A, Xa = 4500 A, T = 2500 K, 
c,. = 2, el, = 1, we find TL = T = 2500 K, Tr = 2800 K, 
and T ,  = 2250 K. This \~ould  be an cxtreme casc, as 
red emissivities as high as 2 are not frequently 
found. 

Errors may occur in calibration, and in evaluating 
the records. These are of minor magnitude, however, 
and depencl upon the care with which the work is 
done. A more serious possibility of error lies in the 
absorption of radiation by dirt deposited on the \\-in- 
dow. A study of this has shown that such deposits 
appear to be re-evaporated in successive firings, and 
condense only after the gas has.cooled appreciably.41 
The deposits-do not appear to be spectrally selective, 
and would not, t,licrelore, afTet:t adversely the deter- 

mination of the color temperatme. I t  is recommended 
that fresh windows bc used in each firing, neverthe- 
less, in order tominimize any errors from this source. 

I t  must be remembered that pov-dcr gas is rela- 
tively opaque to  radiation coming from considerable 
depths in consequence of the high mass emissivities 
R, as given hg equation (41). As a result, the radia- 
tion ~haracterist~ics measured are those of a relatively 
thin layer of gas near the  indo^ do^^-, which may not be 
representfatfive of the bulk of the powder gas insofar 
as its temperature is concerned becausc of cool.ing by 
the walls, and uneven t u r b ~ l e n c e . ~  The effect of tar- 
bulcnce is strikingly demonstrated in Figure 22. I t  is 
largely responsible for the individual minor varia- 
tions of the observed temperature presented by Fig- 
ure 19. It is like~vise responsible for the lack of strict 
reproducibility of temperature in guns; thus, when 
the radiation in the 3-in. gun was observed simulta- 
neously a t  two diametrically opposed holes in the 
positions 1, 2, or 3 i.n a firing, only the major varia- 
tions in temperature wcre found common to both, 
the minor fluctuations differing by as much as 100 K 
a t  any i ~ l s t a n t . ~ ~  

The observational difficulties pointed out here 
may, similarly, make the apparent gradient of tern- 
perature bet~veen the chamber and bore of a gun 
greater than the real gradient assoda&l ui th gas 
flon- and heat transfer in the a s  and between, the gas 
and thc 11~a11s. 



Chapter 3 

INTERIOR BALLISTIC CALCULATIONS 
By William S. Benediotn 

3.1 INTRODUCTION 

T HE SUBJECT of interi~rballistics~interpretedbroad- 
ly, woiild include all the phenomena that take 

place inside a gun when i t  is fired. In the more limited 
sense with which this chapter is concerned, interior 
ballistics calculations are those systematized mat,he- 
matical mcthods whereby the motion of the projectile 
in the pun is related to the state of the powder and 
its gaseous products of burning, and to the design of 
the gun. More specifically i t  is concerned with the 
following variables: the travel of the projectile, L, 
the velocity of the projectile, V ,  the pressure of the 
powder gas, P, the temperature of the powder gas, T, 
and the time, t. These depend upon thc dimensions of 
the gun: its chamber volume, v,, its bore diameter, Dl 
its length, X,; upon the projectile: its weight,, M, and 
reaction with the bore; upon the powder: its weight, 
C, chemical composition, and granulation; and upon 
other factors, such as ignition and the temperature of 
both the gun and the powder. 

Wc may mention some of the practical reasons why 
the entire course of these variables shozlld be known. 
The muzzlc velocity is one of the most important 
properties of a gun, and should be accurately rcpro- 
ducible. The pressure-travel curve must be known 
both in order to design a gun of the minimum weight 
that will not burst and also in order to detcrrnine 
whether i t  is safe to use a prospective powder in an 
existing gun. The pressure-time and temperature- 
time data musk hc known in considering gas-operated 
rapid-fire devices, and in making calculations for re- 
coilless guns. The temperature plays an important 
role in understanding the thcrmnl and chemical pro- 
cesses causing erosion. The pressure and temperalurc 
a t  the muzzle affect the blast and flash. 

The ultimate aim of interior ballistic theory must 

of reasonable assumptions and approximations, that 
the art of gun operation and design is based securely 
on scientific fact. 

A historical survey of the development of interior 
ballistic theory falls beyond the scope of this chapter. 
A good summary of the earlier advances is given in 
Cranz's t e ~ t b o o k . ~ ~ ~ ~ " ~  Methods used by the Army 
and Navy in recent years are described in the Service 
t e x t b o ~ k s . ~ ~ . ~ ~ ~ , ~ ~ ~  Therc have been two main lines of 
approach. In one, tlhe theoretical, the aim is to base 
the largest possible number of relations upon the gen- 
eral laws of physics and upon independently deter- 
mined properties of the powder and gun. In this way 
a complete prediction might be made without firing a 
shot. In  the sec'ond, or empirical, approach, the ob- 
served pressure-travel-velocity relations for various 
guns firing various charges are correlated so as to give 
a good representation of the overall process, without 
j,nquiring into the detailed mechanism. Such tables as 
those of Le D u ~ , " ~ - ~ ~ % o g g l a , ~ ~ ~  and Bennettb" result 
from the second approach; these are highly useful in 
predicting the behavior of the conventional types of 
guns snd powders, firings of which were used in conz- 
piling the t~zbles.'~ 

In making a fundamental attack on the problems 
of hypervelocity and gun erosion, the first approach 
is obviously to be preferred. The various interrelated 
physical processes are to be given the mathematjcal 
expression that is in best accord with present-da,y 
theoretical and experimental knowledge. The result- 
ing set of equations is then to be solved, with the aid 
of simplifying a~sumpt~ions, and approximations, in 
as general a manner rts possible. The dependence of 
the variables of interest upon a large number of 
parameters is thus obtained. 

A formalized method of setting up and solving the 
equations is referred to as a systemhf interior ballis- 

be to make predictable in every detail the outcome ol 
firing any designatcd gun with any designated ammu- b The system was developed in a series OF Formal Diviaon 1 
nition. In view of the large number of in- reports (listed in the bibliography as items 26, 30, 33, 35, 37, 

55, 86), later consolidated and revised into 8, single report.@ valved-and we have not named them all-this flsim During same period t,ime improvementsa53;'640374 rnfr.de i n  

is not likely to be achieved. More modestly, however, the standard British system of bsllistics4aL caused it to have 
we may hope to so reduce the problem, the aid Nome of the same advantages as the Division 1 system. At 

Aberdeerr Proving Groiind, interest in bsllistic systems has 
Geophysical Laboratory, Csrnegie Institution of Wash- been directled la,tely toward the developnlent of functions to be 

ington, and National Bureau of Standa,rds. used with a differential :~nalyzer!~~ 
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t,ics. Such a system has been developed at  the Geo- 
physical Laboratory as a part of th.e Division 1 pro- 
gram. For brevity we shall refer to this forlnulation 
as the Division 1 system." Although work of this na- 
ture does not lend itself readily to summarizatjon, we 
attempt in this chapter to state the fundamental 
principles and chief achievements of the Division 1 
system, with emphasis upon the physical content 
rather than the mathematical details. Frequent refer- 
ences are made to equations and tabular matter that 
cannot be reproduced here, for which the interested 
reader must consult the original papers, particularly 
the consolidated report.6g 

There is nothing radically novel in the Division 1 
system; its advantage over previous systems consists 
primarily in the large number of factors given explicit 
consideration, and related a priori to the powder 
composition. Naturally the use of a large number 
of parameters leads to rather complicated expressions. 
In its complete form the Division 1 system has been 
aimed toward accuracy and flexibility rather than 
convenience. For certain applications, on the other 
hand, ease of use has been achieved by the excision or 
limitation of variables; and i t  has been possible topre- 
pare various sets of tables that greatly reduce the 
difficulty of solving many types of problems. 

decreasing its temperature. The pressure increase due 
to burning of powder to gfts is opposed by the two 
effects just mentioned, and a maximum pressme is 
attained, usually when the volume has about dou- 
bled. Thereafter the pressure falls, slowly a t  first, 
then more rapidly after the po~vder is completely 
burncd. The projectile velocity continues to increase, 
but a t  a decreasing rate, until it reaches the muzzle. 

There are thus four relationships among the vari- 
ables that are of fundamental importance. These are : 
(I) the equation of motion of the projectile, relating 
its velocity and position to the gas pressure; (2) the 
equation of energy, relsting the velocity to the gas 
temperature and quantity ; (3) the equation of state, 
relating the gas pressure, temperature, quantity, and 
volume ; (4) the equation of burning, re1al;ing the gas 
quantity and the pressure. 

Figure 1 at,tempts to portray schen~atically the na- 
ture and intcrrclation of these four fundamental 
equations. Of the six variables portrayed, only five 
are independent, the gas volume being linked to the 
projectile position and quantity of gas (or solid pow- 
der). We might also consider the. time :is a primary 
variable in place of the projectile position or velocity. 
By combining the four fundamcntal cqustionrj among 
the five variables, it is possible to arrivc a t  a single 
equation between two variables. I t  is found most 
convenient to use the velocity 21s the primary inde- 
pendent variable. In thc following sections we will '" THE; b'UNDAMENTAL EQUATToNS OF state thc four fundamental equations in their most 

INTERIOR BALLISTICS general form, and then indicate how, with the aid of 
5.2.1 Tl~e Basic Processes certain assun~ptions and approximations, thesc arc 

cast into a form suitable for combining into the single 
What happens in a gun'? The charge, consisting of equation, anti the naturc of thc solution of that equa- 

a number of small nearly identical grains of smoke- tion, in thc Division l system. 
less powder, of a, definite gcomctrical shape, is ig- 

- 

nited. The solid powder liberates gas a t  a high Lem- ,,, 
peratme, To, and a d e h i t e  rate, dN/d t ,  that depends The Equation of Motiou 

on the pressure, P. The pressure in turn depends on 
the quantity of gas, N, its temperature, T, and the 
available volume, u, wtlich is initially the volun~e of 
the chamber, u,, less the volume of the solicl pomder 
C l p .  The pressureexerted on the base of the projectile 
causes the projectile of mass M/g to move down the 
bore with a velocity V ,  thus increasing the volume. 
The energy acquired by the moving projectile 
M V 2 / 2 y ,  as well as heat lost to the walls of the 
chamber and bore, comes from the pomder gas, thus 

This system has been f:tnuli:trly referred to as the "Hirscll- 
felder Systcm" after Dr. J. 0. IIirschfelder, ~ h o  was in charge 
of the group i;h:~t developed it. 

The equation of motion is Newton's law, which 
states that thc acceleration of the projectile times its 
mass equals the net force exerted upon it. The accel- 
erating force is the difference between the pressure 
exerted by the gas on the base of the projectile, Px, 
and the retarding pressure due t,o frj.ction, P,, multi- 
plied by the area of the bore, A. The acceleration 
of motion may thus be put in thcforlnol equation (I). 

MV dV (Px - P,)A = - - 
g dX'  (1) 

In  the succeeding equations we are less concerned 
ui th PX than with P, the aarexage pressure of the 
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FIGURE 1. The four fundamental equations of interior ballistics are interrelated by thc propertjes of the powder gases and 
by thc vcloci1,y and position of the projectile. 

powder gas. These are not identical, because a pres- 
sure gradient will develop in a, column of gas of which 
one end (at the breech) is stationary, and the other 
(at the projectile) is accelerated. In  a gun there may 
also be pressure waves due to irregular ignition. A 
complete solution of the problem of pressure and en- 
ergy distribution of the powder gas moving j.n a gun 
according to the laws of hydrodynamics has not been 
f o ~ n . d . " ~ ~ ~ l "  The theory due to Kentj600 which must be 
a good approximation to the truth after the projectile 
is well advanced in the bore, and which has experi- 
mental confirmation (Section 6.2.4), relates the pres- 
sure drop to the ratio of the weight of charge to that 
ol the projectile through equation (2). 

The factor 6, depending on C / M ,  is very close to  3 
except for hypervelocity guns. A1t;hough equation (2) 
may not be exact in the early stages of projectile mo- 

tion, both because of the approximate nature ot the 
Kent theory and the increased importancc of ignition 
pressure waves a t  that period, it is the best availahlo 
relation and is incorporated in the Division 1 sys- 

The other uncertain term in equation (I), the fric- 
tion P,, is discussed in more detail in Chapter 6, in 
which equation (1) is a variant of equation ( I )  of' 
Chapter 3. I t  is thcrc pointed out that P, is in general 
not a simple function of any principal variable. J t  is, 
however, large compared to PX only a t  the start of 
motion when the projectile is being engraved ; there- 
after i t  is comparatively small. The assumption ex- 
pressed by equations (3a) and (3b) is, thcrefore, 
made in the Division 1 system (and generally in 
other systems). In these equations 

P, = Px(Px < Po), ( 3 4  
C P - ----P(Px > Po), 

' - l + c  (3b) 

c, a constant of the order of 0.04, and Po, thc starting 



THE FUNDAMENTAL EQUATIONS OF INTERIOR BALJJSTICS 57 

pressure, a,re adjustable para,n~etcrs of the particular 
firing in question. 

With these a,ppro~imations, and defining nz, the 
effective niass of the firing, by 

(1 + c) rn = (31 + C/S)---,.-, 
B 

(4) 

the equation of nlotion may bc put in the form 

s.2.a The Equation of Energy 

The equat,ion of energjr is simply the law of c,on- 
servation of energy, 0,s applied to the interior ballistic 
process, as espressed in eqnation (6). 

The individual terms in this equation are discusscd 
below. 

1. The first one, Ere,, is the energy released when 
the burned pan-der gas cools from its adiabatic 
"flame temperature" TO (defined in Section 2.4.3 as 
the temperature that would be attained if all the en- 
ergy of the chemical rearrangement was expendcd in 
heating the poll-der gas) to the actual temperature T, 
mllich is lo~ver than To beca,use energy is expended in 
the processes summarized by the terms on the right- 
hand side of equation (6). The dependence of Erel on 
the chemical composition of the pomder, and on the 
density, state of chemical equilibrium, and ternpcra- 
ture of the gas, has been discussed in outline in Sec- 
tion 2.4. Calculations of the type described and illus- 
trated there show that Ere, is nearly independent of 
density arid nearly a linear function of T. In the Divi- 
sion 1 system these approximate properties arc as- 
sumed to hold generally, which leads to equation (7), 

in which I", the "impetus7' (called "force" in most 
carlier ballistic systems), is defined as nR7'0, n being 
the number of moles of gas generated per unit weight 
of powder, and R the gas constant. The ratio of 
specific heats 7 = C,/C,, is defined as n,R/C,. 

2. Of the expended energy terms, MV72g,  the 
kinetic energy of the projectile, is the largest. The 
energy of rotation of the projectile and of recoil of the 
gun are proportional to it, and relritively small, and 
may be included by adjusting ilri. 

3. E,  is t,he kinetic energy of the powder and pow- 
der gas. Its exact value is slightly uncertain. A good 
approximation is given by equatioa (8), which is 
based on the same Kent solut,ion for the motion of 
the powder gas that leads to the assulned pressure 
distribution. 

4. Ef is the encrgy expendcd in overt:onzing fric- 
tion. Ulndcr the assilmptions (3) for the friction, i t  is 
given by equation (9). 

5. h is tthe encrgy lost as heat, principally by forced 
convection froriz the gas, to  the walls of the chamber 
and bore. It is discussed in detail in Section 5.2. The 
theoretical analysis of the problem l e ~ ~ d s  to the result 
that h is approximately proportional to the travel L, 
which in turn is nearly proportional to the kinetic 
energy. Hence the assumption is made that the heat 
loss is proportional to the kinetic energy, 

Defining the effective: ratio of specific heats, 7, by 
equation (1 I), 

incorporating the assumptions of equations (7) to 
(10) into equation (Ci), and remembering the defini- 
tion in equation (4), thc energy equation becomes 

8.2.4 The Equation of State 

The equation of state of pomder gas is discussed in 
Section 2.4.2. Again, it is necessary to recast the 
equation (lo), developed there as the most a#ccurate 
equation, into a form Inore suited to ballistic calcula- 
tions. The hbel, equation (13) 

is the ssme a s  equation (10) of Chapter 2 except that 
only one of the virial coefficients is ret:iined. Tn the 
ballistic equation the covolume 7 is considered to be 
independent of density and temperature, and is sct 
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approximately equal to 0.921' in order t o  compensate into a ballistic system without great computational 
for the effect of the higher tcrins in b' ftt the average difficulties. Accordingly in the Division 1 system 
density prevailing in g ~ n s , ~ ~ ~ ~ " . 2  g/cmg = 0.0072 equation (17b) is used, \Gth n = 1. The equation of 
Ib/ir~.~. burning, for constant-burning-surface powder, thus 

The density A depends on the weight of gas N,  the becomes 
weight of charge C, the density of solid powder p, the d N  CBP -=-  
chamber volume v, = AXo, and the position of the d t w '  (18) 
projectile, X = XO + L, as exprcssed by 

N 3.2.6 A = (14) The Fundamental Ecpzation AX - (C - N ) l p  ' and Its Solution 
Defining the loading density A0 - C/vc ,  and the The four fundamental equations, in their simplified 
term a - (1 - equation of state forms, equations (5 ) ,  (12), (15), and (18)) may now 

( ~ A O N )  N F T  be combined. There will be different equations for the 
p v,, --"--- 

C To . (15) interval of burning, when N < C ;  and after burning 
is complete, when N = C ,  and equation (18) no 

32.5 The Equation of Burning longer is needed. 

The laws govcrning the burning of propellants are 
discussed in Scction 2.2.3. I t  is assumed that each 
surface of each grain is ignitcd simultaneously, and 
that the burning of each surface proceeds normal to 
the surface, a t  a rate dependent on the average prcs- 
sure. As a consequence, the fraction of powder 
burned, N / C ,  is related to the fraction f of the orig- 
inal web thickness W remaining unburned. The rela- 
tion, known as the form function, depends solely on 
the geometry of the grain. It may in gerlerttl be ap- 
proximatcd by a quadratic function (16). 

N - = 
C ko - k J +  kzf2, (16) 

In the simplest casc (sheet, long strips, or long 
single-perforated grains) of constant-burning-surface 
F o ~ ~ d ~ r ,  N / C  = 1 - f .  I n  our derivation of the 
equations we shall c o n h e  ourselves to this case, 
alt,hough the equations for grains of any shape have 
bccn worked out in the Division 1 system. With 
seven-perforated powders, i t  is necessary to use two 
sets of constants k, the first until splintering occurs, 
thc second to describe the burning of the splinters. 

The experimental evidence adduced in Section 2.2 
led to equations (17a and b) for thc pressure-depend- 
cnce of the burning rate : 

The value of the exponent n in equation (17b) is 
from 0.8 to 0.9. Neither equation (17) can be fitted 

During the interval of burning, we first combine 
equations (5) and (I$), and integrate, obtaining 
equation (19). 

The constant of integration NO is the quantity of 
poivder burned a t  the time of start of projectile mo- 
tion ; by the definition (3a) and the equation of state 
(15) i t  depends on the starting pressure PO according 
to equation (20). 

By simple linear suibstitutions we may now elim- 
inate P, T, and N from equations ( 5 ) ,  (12), (15), and 
(19), leaving the fundamental ballistic equation (21) 
for the interval of burning (for the case of constant 
burning surface). 

This is a differential equation in which the velocity V 
is the independent variable and the position of the 
projectile IZ the dependent variable. All the other 
quantities that enter into the equation are constants 
of the firing. I t s  solution is facilitated by introducing 
the following abbreviations, z, y, p, and r, expressed 
by equations (22) to (25). 
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1. Z ,  a, dimensionless variable proportional to the the pressure 
velocity : 

2. y, a dimensionless variable rclated to the travel : 
the v,elocity 

3. q, a dimensionless parameter related to the 
starting pre-; bbure : 

4. r, a dimensionless parameter related to the gas 
i~nperfection : 

r = &FCm(B/A W ) 2 a .  (25) 

With these abbreviations, equation (21) becomes 

The solution of this linear differential equation is 

= J ( 1  - a) + r(Z - S ) ,  (27) 

where 

J = exp (28) 

The integrals .T and X have been evaluated numer- 
ically and iabulated" for a large range of the param- 
eters q and u = $(T - I), and for closely spaced 
values of the independent variable, the reduced ve- 
locity Z. In  addition, closed expressions have been 
given by ~ h i c h  they may be calculated for other 
valucs of the parameters. 

The other variables during the interval of burning 
are related in a straightfor\\-:trd manner to the vari- 

FC B v = - - z .  
A W '  

the ttrrhe since the slur1 of motion 
v dV mCF B / ~ $ .  f=qT E', = --. A2 -. W O  7 (33) 

the gas tempcralure 

and the ,fraction burned 

Equations (30) through (35) express a11 the variables 
in terms of the independent variable 2, which runs 
from zero to its value when ill the powder is burned 
( N / C  = 1)  ; from equations (19) and (32) this is 

All functions at  the point of complete burning are 
denoted by the subscript h. The maximum pressure, 
usually reached before the end of the burning inter- 
val, occurs at  the point 

All functions at  the point of maximum pressure are 
denoted by the subscript p. Although 2, depends on 
the maxinlurn pressure P,; the term (a /F)P ,  is sfnall 
compared to unity, so that equations (37) and (31) 
may readily be solved to find the maximum point and 
pressure. If the solution yields 2, greater than Zb i t  
means that the maximum point occurs a t  Zb. 

ables Z and y, the tabulated functions J and S, and 
the parameters I-, s, and u. They are : Iwrsnvn~  AFTKI~ BURNING 

The travel 

L = !L[ 
9 v t m - 1 1  

The fundamental ballistic equation (38) for the 
interval after burning is derived by combining equa- 
tions ( 5 ) ,  (12)) and (15) : 

(Jc 7 - 1  = - [ ( J  - 1)(1 - a) + +(Z - S ) ] ;  (30) -, 
A 2 mV2 = FC - v,m 
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Its solution, the velocity-travel relation, is 

in which Q, the constant of integration, depends on 
the velocity and position a t  the point of complete 
burning, as expressed by equation (40), 

The other variables in this interval are ~.elstively 
simple functions of Q and X ;  as given by equations 
(41), (42), and (-43): 

The values a t  the time the projectile reaches the 
muzzle, denoted by the subscript rn, are readily ob- 
tained by using the above equations and the overall 
length of the gun, X,. 

3.2.1 Discussion of the Solution 

The equations of the preceding section, together 
with the tables for J"nnd S, pcrmit the calculation of 
the complete ballistic solution for any gun using any 
powder of constant burning surface, in terms of the 
par~tmeters F, 7, 7, p, Ao, TO, Po, m, B, and W. For 
powders of other granulation, the solution is func- 
tionally very similar, except that the additional pa- 
rameters ko, kl, and k2 are involved; with seven- 
perforated powders there are two sets of k's, the sec- 
ond bcing uscd in the additional burning period, that 
of the powder splinters, during which the fundamen- 
tal velocity parametcr varies from Zh to Z,. Because 
of the large number of parameters, and the complica- 
tion of the equations, it  is rather difficult to evaluate 
the importance of any one variable. The importnnce 
of each is to some extent brought out in succeeding 
sections; continued usc of the system in various bal- 
ljstic applications is, ho~vevcr, needed for full appre- 
ciation of the factors. 

In Section 3.3 we present the suggested methods 
whereby numerical values of the parameters may be 
obtained. In  Section 3.4 are given methods whereby, 
by limitation of some of the parameters to their most 
usual numerical values, the influence of other param- 
eters, which depend upon the choice of the gun di- 
mensions and powder type, may be more clearly seen. 
These are illustrated by numerical examples. In Sec- 
tion 3.5 are given some applications of these simplified 
methods to problems of design of hypervelocity guns. 

We may point out here how the solution in the 
burning interval becomes particularly simple if two 
additional restrictions are made on the parameters: 
(1) If the covolume of the powder gas equals the spe- 
cific volume of the solid powder (about 17 in."lb), 
the constant a and its associated parameter r equal 
zero. This results in the elimination of the integral X 
from the solution; (2) if the starting pressure and its 
associated parameter q is zero, the integral J is much 
simplified, as expressed by equation (44). 

'CJnder these conditions all velocity-travel, pressure- 
travel, and temperature-travel curves are alike, and 
their dependence on the gun and powder parameters 
call be more readily seen. In particular, we have 
equation (45) for the pressure-travel curve. 

The reduced volume a t  the time of maximum pres- 
sure is then dependent only on 7, as given by equa- 
tions (46) and (47): 

Since the functions of g in equations (46) and (47) do 
not vary greatly ovcr the range of values of T usually 
encountered, to this degree of simplification all pres- 
sure-travel curves are similar. 

This much-simplified ballistics has been used in a 
number of Aberdeen Proving Ground ~ e p o r t s ' ~ " ~ ~ ~  
and mas also used by N ~ r d h e i m ~ ~  in his calculations 
of the heating of guns, as described in Section 5.4.1. 
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TARJ,E 1. Nonllnal vahics o f  powder const,auts. 
- --- my 

Poa-der Pyro FNB NU FNH-M2 IMR 
(85/10/5) (87/10/3) (20% N.G.) (Small arms) 

To (K) -2320 + 7/W* 2480 2425 + 10/W 3560 2800 
C, (cal/g-deg.) ,3653 - .0022/W .a456 -3520 - .00025/W .3439 .3460 
n (moles/g) .0466 - .00007/W ,04482 ,0461 - .0001/Mi -03873 .04301 
E' (it) 300,000 + 50O/W 310,000 309,000 + 500/W 384,000 334,000 
Y 1.252 - .0002/1Y 1.258 1.256 1. .223 I .246 
7 (in.3/111) 29,70 30.57 30.49 26.95 29.32 
p (lk)/in.3) .0560 -0567 -0.571 ,0596 .0578 
a (in.l/lb) 13.72 12.93 12.98 10.17 12.02 

3.3 EVALUATION OF Tl3E PARAMETERS sults, is given in Chapters 5 snd 6. The folloming 
IN THE BALLISTIC :EQUATIONS generalizations f ~ o m  these r e s~~ l l s  may be used to 

Powd.er Constants 

The powder parameters-the impetus ("force") E', 
the adiabatic fla,me temperature To, the ratio of spe- 
cific heats y, and the ~ovolume 7-are calcult~ble 
from the chemical conlposition of the powder. The 
assumptions which make this distinc,tive feature of 
the Division 1 syst,em possible (in earlier systems 
such constants were estimated froni closed-chamber 
measurements) have been outlined in Sections 2.4.3, 
3.2.4, and 3.2.4. In case the exact conlposition of a 
particular powder lot is not available, or in making 
general calculations, it is useful to have "nomi~ial" 
values of the powder constants, based on the average 
compositioll of the particular type of powder in ques- 
tion. Table 1 presents sucli recommended values. 
Since the volatile and moisture content of certain 

estimste the parameters when no experimental lnowl- 
edgc is available. 

The factor P ,  t,he rattio of heat loss (prior to ejec- 
tion) to kinetic energy, 11-hich relates the effective 7 
to the true 7 [equation (1 I)] is a.function principally 
of the caliber of the gun, being lomer for larger guns. 
I t  also increases with the flame temperature of thc 
powder, and with the length of the gun. It, in general, 
decreases as the maximum pressure and muzzle ve- 
locity are increased by increasing the density of load- 
ing in an existing g m .  Some typical theoretical 

:ire shown in Table 2. 

T.~BLE 2. Theoretical vducs o f  ballistic hcltt loss, typical 
guns. * 

- 
Cn TI Powder fi 7 

powders varies with the \\-elo, the constant W enters Caliber .50 IMR 0.40 1.35 

into the results. 37-1- FNH-M1 0.27 1.33 
3-~II. b'K11-hfl 0.25 1.82 

For. a comparison of the approxinlat'e mcthods of 4.7-in. FNH-hll 0.19 1.31 

calculation of powder parameters \!-it11 more e x k t  8-ill. Ffi I ~ I - ~ I ~  0.17 1.30 
methocls, and .with experimental results, the original 16-in. FKH-LMl 0.13 1.29 - 

p i ~ p e ~ ~ ~ ~ ~ ~ " . " ~ , ~ " . ~ ~ ~ ~ ~ ~  must be consulted. Except pOS- *The values of B have bcrn tttkell from Table XXT.11 of NDltC Rcport 

sib]y for tirxles Ilear ejection, the ggLs composi- A-2624"nd the valucs of 7 have hccn co~nouted from them l>y equation 
(11). (Cornpare Tnble 2 in Chupter 8, in u-hich the total hedl loss to the 

tion is uncertain, the nomillal paranleters will be Eun tube for these samc gurls is prcscnted.) 

quite accurate. 
The most recenl experimental evidencc (for thc 

3.3.2 KIea t and Friction Losses 37-mm and 3-in. guns a t  Carderock)lo~would indi- 
cate t,hat the values oS Table 2, and those given by 

The parameters 7, m,, 2nd Po, \\-hich take into ac- the follo\iring iormula [ecpstion (-la)] I-ecommcnded 
count the energy losses and tmvel deby due to heat- in sn  early report13" -. 

ing of thc gun and friction betn-ecn projectile and o.Og(To - Ts) 4'3GLD-413 
bore, nlay not always be k~iown a priori. If ballistic p = ---- 

+mVnlz (48) 
results on a given gun are avdlttble, i t  may be possi- 
ble to adjust t,hesc para,n~eters so t ~ s  to obtain thc are from 10 to 25 per cent, too high. For an average 
best fit. -4 closer discussion of the processes of heitt pan-der and an a,verage caliber gun (from 3'7 rnm to 
loss and friction, a~ td  of some typical iiuine~:ical re- 5 in.), 7 will be close to 1.30. This rounded, value is 



62 INTERIOR BALLISTIC C.41,C'UEATIONS 

TABLE 3. Approximate valucs of burning rate conshant, typical powders. 

Pow-der FNFI-M1 NH Pyro IMR PNH-M2 

* For W < .05 in. ; W = ,00034. TT hen W > .04 in., W .0004?. 

genert~lly used in the construction of many tables in 
the Division 1 system,. and in all following calcula- 
tions of this chapter, unless otherivise specified. It 
may be used without introducing gross errors for all 
exccpt the smallest caliber guns (caliber .50 or 
smaller). 

The parameter Po cannot be directly correlated 
with its physical meaning of the starting pressure. 
The over-simplification of friction and of the burning 
law destroy the exact correspondence of Pa with the 
results of static push tests, which may roughly be ex- 
pressed as a function of caliber in accordance with 
equation (49), 

Po = 2500 D-lI3 psi, (49) 

which may bc used if firing data arc lacking. 
I t  is also permissible to take a starting pressure 

corresponding to No/C = .01. The lattcr assumption 
is used in most of the follo~ving calculations of this 
chapter. When pressure-travcl data are available, Po 
should bc determined from them. In general, in addi- 
tion to the variation wit11 caliber, Po decreases with 
jncreased loading dcnsity and increased run-up of the 
projectile bcfore engraving starts. 

The parameter m, thc cffective mass, depends upon 

F J ~ U R E  2. The dependence of 6 on C/M.  (This figure has 
appeared as Figure 15-2 in NDRC Report A-397) 

two auxiliary parameters, the friction factor c, and 
the pressure-drop factor 6. Factor c may normally be 
taken equal to .04. It may be somewhat higher in 
high-velocity guns, and also when the velocity is re- 
duced in normal guns by reduction of charge; and 
somewhat lower in shorter guns. Factor 6 may be 
taken as 3 in all cases unless the ratio of charge to 
projectile weight exceeds 0.5; for very large ratios 
c = C/M its variation is as shown in Figurs 2, based 
on the Kent-Hirschfelder theory. 

3.3.3 Burning Rates 

The burrling constant B is of prime importance in 
dcternlining tho maximum pressure, 3s is clcar from 
equation (4'7). It is, however, difficult to correlate 
values of B determined from closed-chamber firings 
with those obtained in guns. Hence whenever pos- 
sible B should be dctermined from the observed maxi- 
nlum pressure or muzzle velocity. Laclring such data 
the vah~es of B presented in Table 3 may be used. 
These corrcspond to a P, of the order of 40,000 psi 
and No/C = .01. For higher maximum pressures and 
starting pressures the nominal B decreases somewhat. 
B varies with thc initial temperature of the powder; 
the tabulated values refer to 25 C. The averagc tern- 
pe ra t~~re  ~oefficient dB/dT is about 0.004 per degree 
centigrade. 

s.4 SIMPLIFIED NUMERICAL METI-IODS 
01; BA.LLISTIC CALCULATIONS 

3.4.1 Construction of Tables 

The solution of the ballistic  equation.^, as given in 
Section 3.2, followed the happenj.ngs wj.thin the gun 
in logical sequence from the start of burning to shot, 
ejection. In a very large number of ballistic problems, 
however, one final result, the muzzle velocity, and 
onc intermediate occurrence, the maximum pressure, 
are the two quantities of greatest interest. These ma.y 
either be given? as the most readily determinable 
measurements, or are the most importJan% results to 
bc calculated. It is therefore desirable to simplify the 
balli.stic system in such a way that these two quanti- 
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ties may be most readily correlated with the other 
parameters. This entails some recasting of the equa- 
tions. Then, by fixing certain of thepurameters, tables 
may be constructed which facilitate the solution of all 
the principal equations. 

A complete description of the methods is given in 
ChaptersIVa.ndV of Interior BallixticsConsolidated ;"' 
Tables I11 - XV of that report comprise the principal 
results. They are based on the following values of the 
parameters : Heat loss, f = 1.30 (u = 0.15) ; Starting 
pressure, No/C - .01; Powder constants, those given 
in Table 1 of the present chapter for nominal FNH- 
M I  ponder (the tables may readily be adapted to 
other pan-ders, since only the ratio P/a enters into 
the equations); Granuiation, two cases are consid- 
ered, (I) constant burning surface, (2) seven-perfo- 
rated grains, nith a ratio of grain length to diameter 
of 2.5, and grain diameter to perforation diameter of 
10. 

There amre five fundamental parameters or anxiliary 
variables that enter into the simplified tables. These 
are : 

1. The reduced veloc,ity a t  the completion of burning, 

(for constant-burning grains), (504 

(for seven-perforated grains) - 
2. The prcssure function : 

3. The travel function : 

4. The density-of-loading function : 

5. The velocity function for the period after burn- 
ing is complete 

In terms of thcse functions the velocity after. burn- 
ing, including the muzzle velocity, is 

,Since q, r,  and u have been fixed by assigning clefbite 

values to Po, a, and 7, the point of maximum pressure, 
Z,, is a function only of the maximum pressure, as 
expressed by equation (56). 

Hence the entire ballistic solution is fixed when P, 
and either 4 or 21 is specified. For example, there is a 
relationship among the three principal vt~riables for 
the constant-burning case, stated in equation (57). 

The simultaneous solution of equations (56) and 
(57) is given in tabular form, one variable being tabu- 
lated as funt:l;ion of pairs of arguments; 4(&,P,), 
Zb(4,P,). The travel at  the end of the burning period 
is given by equation (58). 

From this equs,tion and equation (51) X', and hence 
V,, is related to P,, Zb, and 4. Additional tables ex- 
press r as a function of pairs of arguments. Ry an 
extension of these methods the prcssurc, velocity, and 
temperature may be found as functions of time as 
well as of travel of the projectile. 

3.'.2 Generalized Pressure-Travel Curves 

Equations (30) and (31) together give the pressure- 
travel curve for the interval of burning, parametri- 
cally in terms of Z, and are exact, but involve a num- 
ber of constttnts. If, as in the preceding section, the 
constants No/C,  7, and the powder constants and p 

are fixed, the relation between tthe pressure, in terms 
of its ratio to the maximum pressurc PIP,, and the 
travel, in terms of the volume expansion ratio S / X o ,  
depends only on the loading density A, and the fun- 
damental burning parameter Zb. The latter moreover 
enters only in the less important terms q and r. Hence, 
if one substitutes in these terms for Zh the value Z in 
the region of the pressure-travel curve from the maxi- 
mum pressure to the complction of burning, and the 
value a t  the m~aximum, Z,, for lov-er values of the 
travel, s family of pressure-travel curves are obtained 
which are approximately valid under all ~ondit~ions, 
and which depend only on one parameter, the load- 
ing density. 
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The most applicable family of such curves, drawn 
for 7 = 1.30, No/C = 0.01, and the values of q and p 
characteristic of FNH-MI powder (the curves are 
nearly equally valid for other powders) are shown in 
Figure 3. The loading density A. is in units of g/cm3. 
In order to use these curves the gun constants must 
be lmown, together with the values of P, and %b; if 
the latter are not given with the problem, they may 
be determined from the loading density and muzzle 
velocity by the methods descl-ibed in the preceding 
section. These curves apply up to the value XI,/Xo 
corresponding to Zb,  when the burning period is 
complete. 

In  the region from Xb/Xo to the muzzle, X.fi/Xo, 
the pressure, relative to its value a t  Xb/Xo, is, accord- 
ing to equation (41) dependent only on Ao, 7 r~nd q 
being fixed. The general family of pressure-travel 
curves for this region, for the same values of AO as 
mere used in Figure 3, are shown in Figure 4. They are 
applied by suitable vertical adjustment of the pres- 
sure axis to join with the curve from the burning 
interval a t  Xb/Xo. 

3.4.3 Numerical Examples 

The original reports describing the Division 1 sys- 
tem are liberally studded with numcrical examples, 
in which each step in the solution of the various typcs 
of problems considered is worked out in d e t a i l . V e  
choose to illustrate the methods by calculntions based 
on the 3-in. gun a t  Cardcrock, on which extensive 
ballistic measnrcmcnts wcrc made, as dcscribcd in 
Chapter 4 and further discussed in Section 6.3. 

The gun constants are : 

A = 7.30 in.2; w, = 223.1 in.3; 

The following are the principal derived constants : 
C 

A0 = - = -01802 lb/in.3; 
21, 

v c  
Xo = = 30.56 in.; 

= 0.4548 lb-secylt (assuming c = .04). 

First Cwmputation. To calculate the burning con- 
stant B from the muzzle velocity ITvL = 2,700 fps, 
using the assumptions and simplified methodoutlined 
in Section 3.4.1. From equation (53), 

From equation (52),  

From equatiorl (55) ,  

The value of PpO corresponding to the above values of 
4 and I' is located in Table VI of Report A-397 ; i t  is 
35,420 psi. For the powder in question this gives, 
according to equation (51), 

L, = 126.2 in. ; M = 12.79 lb. The value of Zb corresponding to the abovc vahles 

The constants for NR powder were : 
of PP0 and 4 is locatcd in  able-IV of Report A-397; 
i t  is 1.039'7. 

C = 4.02 lb; To = 2636 I<; F = 321,800 f t ;  From equation (502) 
7 = 30.06 in.3/lb; p = 0.0571 lb/in.3. 

B = W (.99A2/CFm Zt,)lI2 
The web of the seven-perfors.t,ed grain is 0.0355 in. ; = .000420 ir~.~/lb/sec . (63) 

wc sh:tll carry out the simplified comput,ation in 
which a constunt-burrling-surface grain is considered, Second Compulation. Using the value of B just 

with web IV = 0.0452 in. derived, to calculate the complete ballistics, by the 
detailed methods of Section 3.2.6: By assumption, 
u = 0.15 and No/C = 0.01. From equation (23) 

"~n n.ddit,ion to the general reports listed in footnote b, 
separate reports were issued concerning the free-run-up of a. n = .01802 (1/.05'71 + .125) = 0.3179. (64.) 
projert1ilez%nd recoilless guns.aG Also some fen,tures of the 
J3ivision 1 system were used extensively by investigators in From equation (21) 
Scction H of Division 3 in calculations of the ballistics of 
rockets.lGa p = .O1 kb/.99 = 0.0105. (65) 
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4. Generalized prcsswe-tr,zvel cu~vcs ,  interval aft,er 1,u~r:ing. (This jigurc 1 ~ s  8,ppcarecl as Figurc 6-2 in N U R C  
Report A-397) 
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From equation (25) 

r = .99uA,/Zb = 0.2152. (66) 

The remainder of the computation is suinmerized in 
'I'abb 4. The principal parameter in the burning in- 
terval, Z ,  runs from 0 to Zb = 1.0397. In the after- 
burnt interval the principal parameter, X/Xo, runs 
from Xb/Xo = 2.1404 to Xm/Xo = 5.1296. The aux- 
iliary parameter Q is found from equation (40), 

Q = ( 3  - .I485 Z b )  (2.1404 - 0.5417)O.' 
= 0.9732. (67) 

It is not within the scope of this chapter to discuss 
the corrcspondence between such theoretical r ,urves 
as those yivenin Figures 5 and 6 with the experimen tal 
findings, such as are illustl-ated in Figures 2 and 3 of 
Chapter 4. The agreement of the pressure-time curves 
is good but far from perfect, because thc theoretical 
curves are based on fixed values of the parameters Po, 
c, and 7, and an oversimplified burning law. Further 
numerical comparisons of the Division 1 theory with 
ballistic experiments are given in two r e p ~ r t s . ~ ~ " ~ ~ "  

The resultts, for the pressure, velocity, temperature, 3*5 INTERIOR BALLISTICS OF 
and fraction burned, are plotted against the time to HYPERVELOCITY G,'UNS - 
the muzzle in Figure 5. The pressure and velocity are 
plotted against travel in Figure 6. 

Third Computation. The detailed calculation is re- 
peated, using the same values of B and the same para- 
metric sssumptions, except that the actual seven-per- 
forated grain with W = .0355 in. is considered. Inas- 
much as the equations for this case have not been 
presented in this chapter, we will give no details. The 
procedure is similar to that shown in Table 4, except 
that  the first period ends with the splintering of th.e 
grains, a t  2, - 0.8886, N/C - 0.8487, and is fol- 
101s-cd by a second burning period. The results, as 
pressure-travel and velocity-travel curves, are shown 
in Figure 6. 

3.5.1 Introduction 

The equations and tables previously presented and 
discussed in this chapter are quite general. According 
to them, and to common sense considerations as I\-ell, 
for a gun of given caliber the muzzle velocity may be 
increased in a number of ways. We nlay increase the 
length X,; increase the charge C; decrease the mass 
of the projectile M; or increase the impetus of the 
powder F. 

In this section we present some of the contributions 
that the Division 1 systern has made to the theory of 
designof hypervelocity guns. Three questions are con- 
sidered. First, is there any theoretical limit to the 

TABLE 4. 1llustl.ative numerical example of complete ballistic calculation, 3-in. gun.* 

C2uantit.y- z .I S L P Ti I, T N I C  

Units- in. klb/in . 2  ft/sec msec K 

Interval (a,)-Burning 
0.0000 0.00 1.01. 
0.1044 1. .62 10.06 
0.2198 3.78 17.66 
0.4908 8.88 28.74 
0.8291 16.14 35.03 
1.2567 22.89 37.47 
1 .SO36 32.63 37.05 
1.9298 34.85 36.71 

Table Eq (30) Eq (31) 

Interval (b)-After-burnt 

Source- Eq. (41) Eq. (39) Eq. (42) Eq. (43) 

2.1404 34.85 36.71 1711 6.0W 2229 
2.5417 47.11 27.50 1993 6.614 2084 
3.0417 62.39 20.58 2224 7.218 1949 
3.5417 77.67 16.23 2385 7.771 1845 
4.0417 92.95 13.29 2508 8.290 1762 
4.5417 108.23 11.17 2605 8.788 1693 
5.1296 126.20 !).35 2698 (3.352 1624 

*TLc value of ol used In calculatinb. thls table was 0 3134 lnatead of 0.3179 as ~ W I I  by cqilation ((i4). 
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velocity that may be attained in ,z gun, laying wide netic energy of the projectile, 11.1Ti2/2q. As may be 
d l  thought, of pra~t~icality? Seconcl, in a gun of given secn from Figure 2, 21s C / M  alppl.oac1.l~~ infinity, 6 
total voll~nlc firing a projectile of given \\"eight, what approaches a finite limiting value, (37 - - 

arc the tl-lcorctically optiiiiuni condit,ions to prcduce I). 
the niaxin~um velocit;y? Finally, lvhat pract,ical con- The equation for the muzzle velocity (39) nlay be 
sid~rat~ions goycrn the rlse of modification of the rewritten as equation (68), .where p and s are defined 
theoreticitl optirnui~i in gun design? by equations (69) and (70), ~.espectively. 

7-1 
3.5.2 The 'Uppcr Limit to IVluzzle Velocity 200~~17~,,(1 - c)(i - rcTtL 

2 = 
nz . (68) 

( 7 - 1) (Xn/&o) (Y - -9) 

The existtence of 'an upper limit to muzzle velocity lOOM 
is required, because as the charge-t,o-mass ratio ( C / M )  Y=AX, .  (69) 

increases, the kinctic cnergy of the powder gas, 100Ao s=- 
C"v2/26g, becomes laigr! by coinpnr-ison with t,hc ki- S(X,/xo)' 

(701 
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TRAVEL I N  INCHES 

FXGURE 6. Theoretical pressure-travel curves, %in. gun at Carderock. 

As M approaches zero, the muzzle velocity ap- 
proaches the limit given by equation (71). 

Using the limiting value for 6, and considering the 
most favorable case of an infinitely long gun (rm = 0) 
with no friction or heat loss, the limiting muzzle ve- 
locity V;, is expressed by equation (72). 

Equation (73),26 shows the relation between the 
limiting velocity for s projectile and V*, the velocity 
of sound in the gas at the adiabatic flame tempera- 
ture, which would be the velocity of efflux of a gas 
through an  orifice into a vacuum. 

y,, = [2(3r - l)]1/2v,. 
Y(Y - 

Assuming thc F corresponding to FNI-I-M2 powder 
in equation (72) leads to a value of 36,400 fps for 
the limiting muzzle velocity. Friction and heat losses 
increase with increasing velocity to such an extent 
that the actual limiting muzzle velocity for even thc 
hypothetical projectile of zero mass probably would 
not exceed 20,000 fps. For an actual gun firing a 
projectile of useful weight, of course, the possible ve- 
locity is much less.498 (See Section 33.2.2.) 

3.5.3 The Optimum Cond.itions 

Considering equation (68) from s more practical 
angle, it  will be observed that the muzzle velocity 
depends on p, Xm/Xo,  P,, Ao, 7, and the powder com- 
position. The main problem in gun design is the 
dotermination of the best values of these quantities 
that will yield a desired muzzle velocity. It is clear 
that for any values of the other quantities, p can be 
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chosen to give any velocity up to the inlpractically 
high limit. TablesGY have been prepared, based on 
the simplified ballistic tables descrjbed in Section 
3.4.1, that s11011-s the values of p  required to  give ve- 
locities up to 5,000 fps a t  various values of %,, 
Xn,/So, and A,, for n, typical single-base and a typical 
double-base powder of constant burning surface. An 
illustrative portion of the tables, for Vv,,=4,000 fps, 
is reproduced as Ta1)le 5. The variation of p  with L 
is presented in Table 6 .  Figures 7 and 8 illustrate the 
dependence of the velocity on the loading density and 
on the volume ratio for various fised values of p. 

The most efficient gun at a given velocity and cali- 
ber has the highest value of fi (greatest kinetic energy 
of projectile, least; lengt,h of gun). Conversely, at a 
given p it  is desirable to m:ixirnize themuzelevelocity. 

The optimum density of loading, is therefore 

defined as thc density of loading that gives the high- 
est nluzzle velocity for a given powder, at a pre- 
assigued value of the lnaxinlum pressure, projectile 
mass, and total gun volume. I t  is obtaincd by differ- 
entiating equation (Ci8) with respect to A. and equst- 
ing to zero. Since I', L, and s are all Erlnctions of A,, 
t,he resulting equation is a conlplicated function of 
l'pl X , , / X ,  and p / ( p  + S) = M / ( M  + C/G) ; it  may 
be solved nmnerically. (Ao) has becn computed and 
tabulated under the usual simplified ballistic assump- 
tions. In  a precisely similar manner, one defines and 
obtains the optirnum volurnc: ratio (Xnb/ZO)2. 

The double optimum, (Ao)a and (Xm/Xo)3 ,  isdefined 
as the combination of loading density and gun length 
that gives the nlaxinlum muzzle velocity for any 
given value of the maximum pressure, projectile mass, 
total gun volume, and poivder type. I t  is obtained by 

TABLE 5. Values of p = - ''OM Ib/in.3 for L', = 4.000 Ips. 
-4 .La, 

Fonrder 1 FNH-M1 1 FNH-M2 

* Powdcr not all burned when projectile Icavcs muzzle. 

AD, (g/cmi) 1 0.6 0.7 0.8 1 0.6 0.7 0.8 

s,, /x3 P, = 50,000 psi 

I b/in.:J for P,, = 55,000 lb/iu.hand X,,,/Xo = 5. TABI.E 6. Values of p = - 
it S,,, 

Powder FKH-MI FNB-M2 

Au, (E/PI~P) 1 0.6 0.7 0.8 1 0.6 0.7 0.8 

3 
4 
5 
6 
8 

10 

.6026 3386 .5982* 

. 0 9 1  A746 .6814 
5716 .643 1 6726 
,5281 .598Y ,6376 
.4512 .5158 .558!) 
.3917 .4495 .4016 

.6744 ,6641 .612B* 

.7046 ,7462 .6917* 
6714 .7383 .7235 
.62M .GW4 .7041 
5406 .6M7 ,6348 
.4722 .5322 .5669 

P, = 60,000 PSI 

3 
4 
5 
G 
8 

10 

A645 .7456 .7670 
.6508 .7464 3049 
.6025 .8961 ,7635 
.5523 .I5404 .7085 
,4677 .5440 .GO71 
.4039 .4705 .5271 

.7662 .8202 .7909* 
,7666 .8523 .879!1 
.7173 ,8087 3585 
.6620 .7318 . SO96 
.5652 .6466 .7066 
.4W5 .5633 .6203 
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DENSITY OF LOADING IN A (G PER CU CM) 

FIGURE 7. Curves of velocity versus density of loading 
at constant p for X,,,/Xs=5 and P, =50,000 psi. (This 
figure has appeared as Figure 7-5 in NDKC Report 
24-397.) 

T ~ n r ~ x  7. Conditions Tor the double opt' >imurn. 

Powder FNH-Ml FNrI-M2 

P, (Ao), (A013 
(psi) (g/cm3j / g/cny3 , (-Y,/Xo), 

simultaneous solution of the maximizing equations 
for (An), and (X:,,,/Xo)2. The double-optimum density 
is independent of the muzzle velocity, but (Xm/Xo)a 
is weakly dependent on Some values 01 the double 
optimum are listed in Table 7 ;  the values of Xm/X, 
are the limiting values a t  = 0. The values of the 
niass/volunie p that correspond to these 
double-optimum conditions, in the hypervelocity 
range 3,000 to 5,000 fps are listed in Table 8. 

It must be emphasized that the calculations lead- 
ing t,o these theoreti.cally optimum conditions are 
bascd upon the simplified ballistic assumptions of 
Section 3.4. They serve t'hereiore only as an orienta- 
tion to the-approximate dimensions to choose in seelr- 

FTGITRE 8. Curves of velocity versus X,,,/X, at, corlsl:tnt 
p for A,, =0.7 g per cu cm and P,, =50,000 psi. (This fig- 
ure has appcared as Figurc 7-4 in R'1)RC Report A-397.) 

ing the bcsi; design. They must be modified by prac- 
tical considerations long familiar to the gun designer, 
as is outlined in thc next section. After deciding upon 
the approximalc opti~nunl dimensions, ~alculat~ions 
by the detailed ballistics may be made, and further 
tested for thc optimum conditions, by the methods 
sketched here. 

3.5.4 Practical. Considerations in the 
Design of Hypervelocity G-uns 

There are various considerations that limit and 
modify the attainment in actual practice of the opti- 
mum conditions. It is clear from the tables of the 
preceding section that guns with higher maximum 
pressures, which lead to higher muzzle e n e r ~ '  Ties, are 
most efficiently opcrated a t  high loading densities. 
The loading density cannot, however, be increased 
indefinitely; i t  is limited by the density of solid pow- 
der and by the geometry of the grains and the chani- 
ber, to values near 1.0 g/cm3. 

At such high densities it is, moreover, impossible 
to operate a gun with iny  degree of safety, because 

1001" lb/Cn.3 at tkc double optimum. TABLE 8. Values of p = - 
AX,,, 

l'owdcr 

(psi) 

v,,, (fps) 
3,000 
3,500 
4,000 
4,500 
5,000 

- FNH-MI 

40,000 50,000 60,000 

1.142 1.382 1.665 
0.788 0.960 1.158 
0.561 , 0.688 0.832 
0.409 0.499 0.604 
0.302 0.369 0.448 

FNH-M2 

40,000 50,000 60,000 

1.208 1.477 1 735 
0.841 1.037 1.218 
0.809 0.749 0.884 
0.451 0.552 0.651 
0.344 0.41 4 0.4'30 
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FIGURE 9. PI '~SSUI .~-~~YBVC~ and vclocit,y-travel curves for various shnpcs of pcrrrclcr grains. (This figure has appeared as Fig- 
ure 7-7 in YDRC Report A-397.) 

when the free volume in the chamber is small, the 
pressure and velocity become very sensitive &I small 
variations in the web, burning rate, or charge weight 
of the powder. Thus the changes in these properties 
that are inevitable in the processing of powder and 
its storage under field co~lditions may lead to unsufc 
variat,ions in the pressure. Furthermore, at high load- 
ing densities prcssure waves and other e1;ratic results, 
usually attributable to ignition difficulties, are fre- 
quently encountered. 

Hence t,he upper practical limit, using present-day 
poxvders and igniters, can rarely exceed 0.8 g/cm3 (ex- 
cept for small arms). This limit may be increased 
somewhat by improved nlethods of ignition, such as 
are provided by the use of long primers. 

As mentioned above, an increase in the maximurn 
pressure, Iimited by the safc strength of the gun, 
which in turn is limited by the properties of the gun 

metal and the tactical considerations that do not per- 
nlit any superfluous bulk in weapons, is in general 
desirable. Equally important in attaining a highvadue 
of p is an increase in the effective pressure, which is 
defined as the pressure on the base of the projectile 
averaged over the travel : 

The ratio P,,/P, is a convenient nleasurc of the 
efficiency of a f;un At a givcn density of loading the 
maximum Pefi/IJP occurs a t  the Pp that corresponds 
to the optimum density of loading. Higher pressures 
can be reached only if the pressure-travel curve has a 
peak near thc origin of travel, and hencc a cornpara- 
t,ively leu- PP,,/Pp. It is therefore inefficient to use a 
maximum pressure much above that for which the 
loading densit,y is optimum. Since a t  present this is 
limited as just mentioned to about; 0.8 g/cm3, it is us- 
ually not desirable to aim f or maximum pressures mr.lch 
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FIGURE 10. Relatiom between chamber volumc and gun lcngth, for a 90-mm gun at P,  =60,000 psi, V, =4,500 fps; FNH- 
h l l  powder. (This figurc has appeared as Figure 12-3 in NDRC lteport A-397.) 

above 60,000 psi. I t  is for this reason that Tables 
7 and 8 are not carried beyond that limit. Thus new 
advances jn the strength of gun steels, while very 
desirable in reducing the weight of the weapons, 
might not permit a great extension of the present-day 
limitations on ballisttic design, unless accompanied by 
an increase in the dcnsity of loading. 

Thc optimrnn volun~c ra.tio (X,,/Xo)3 usually cor- 
responds to a comparatively large chamber and short 
tmvel. However, as is clear from the flat maximum in 
Figure 8, an increase in X,/Xo by one or two units 
above the optimum value does not decrease the veloc- 
ity grcatly, &nd implies n considerably slnellcr c h m -  
her, for the same total volume. This in turn ineans a 
decreased charge and a %ore efficient utilization of 
thc powdcr. 

As a typicd numerical example, we note from 

Tables 5, 6, and 7 that a t  V,, = 4,000 fps and P, 
= 50,000 psi the optimum loading densit,y for &I1 
powder is 0.764, corresponding to p = 0.688 and 
X,/Xo = 3.45. At that density an increase to X,,/X, 
= 5.0 would lower p only to 0.661. That is, the same 
muzzle velocity and maximum pressure could be ob- 
tained wit11 a decrease in chhmber volunlc and pow- 
der charge of 27 per cent, a t  the expense of an in- 
creased tot,al gun volume of only 4 per cent. Thus, 
unless tactical considerations demand either afi un- 
usually short guri or an unusually 1igh.t charge, the 
best volume ratio is one or two units above the theo- 
retical optimum. 

There is another strong reason for using a gun 
length greater than the optimum in most cases; 
namely, the larger the gun, the lower are the tempera- 
tures and pressures of the powder gas ~vhen the pro- 
jectile leaves the muzzle. Too high muzzle tempera- 
tures and pressures result in considerable muazle flash, 
muzzle blast, and increased velocit,y di.spersion. 
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T R A V E L  I N  I N C H E S  X 10' 

FIGTTHN 11. Relations helm esn chamber volunlc and gun length a t  opliinum dcnsity of loxrling, for a 90-mm gun at V,,, = 
4,500 fps; FSTJ-111 pnn-dcr. (This figure has appeared as Figure 12-6 in KDRC Report A-397.) 

The comparison beh-een FNR-M1 and FNH-M2 
powders in the tables in this section shows that, the 
double-base powder, \iit,h an impetus (P = r~Rll '~)  
greater by almost 25 per cent, gives an increase in 
muzzle encrgy, under optimum conditions a t  the 
sanlc maximum pressure snd nil~zslc vt:locit~r, of 
about 10 per cent. Xcc:tusc an increase in impetus 
nearly always conriot,es an inc,rea#se in ga,s t,empera- 
t,we, which in turn leads to m11ch greater erosion, i t  is 
rarely desirable to make use of the slight gain in bal- 
listic efficiency provided by double-base po\vtlers.'$ It, 
~vould, however, be clearly advantngcous to develop 
powders ~ ~ i t h  3, high a but lo~v Tu. 

A study at Aberdeen Provir~g G ~ o u n d  of thc dcpcndcnce of 
muzzle velocit,y on the potential and on the force of powder 
sllowcrl that a t  optimurn ror~ditions the lnuxzlc velocity le-  
pends much less on thc cnergy properties of the po~l-der than 
on the maximum pressure or the length of the gun.201 

All the previous discussion in this scction has been 
bssed on the sinlplest powder grsnulntion, that of 
constant burning surface. The maximum ballistic 
efficiency would he obtained from a very progressive 
po~vder ; that is one whose surface would increasewith 
burning in such s way that the amount burned would 
increase proportionately \rith the available volume, 
resulting in a uniform pressure until the powder was 
completely burned, ~vith a correspondingly high 
l'efl/l>p. 

nixed charge, consisting of a snlsll ambunt of a 
very fine granulation, to burn ~*a,pidly and estad~lish 
the constant high pressure, and the remainder of 
single-perforatled t,ubes of very alnall inside tliamcter, 
fireproofed to burn only on thcinside, w u l d  approacl-1 
t,his ideal granulation. The seven-perforated powders 
in colzinlon w e  are only very slightly progressive; i t  
has 13een sho~\-n thaL they are practically equivalent 



FIGURE 12. Itelations between gun length and muzzle velocity a t  double-optimum collditiolls for rt 90-mm gun, firing a pro- 
jectile of norms1 myeight (24 lb) a t  various mussle velocities with either FNH-MI or FNR-M2 powder. (This figure hae 
appcarcd as Figure 12-11 in NDRC Report A-397.) 

ballistically to constant-surface powder of 27 per cent 
greater web, the advantage of increasing surface 
before splintering being counterbalanced by the rap- 
idly decreasing surface after splintering. Cord gran- 
ulation, used extensively in British guns, is very de- 
gressive, and hence ballistically less efficient; it can, 
Iiowever, be loaded and ignited controllably at  higher 
densities of loading than other powders, and thus has 
Inany advantages. 

The effect of gran~~latioa on gun performance has 
been calculated. A typical example of the differences 
in pressure-t,ravel and velocity-travel curves resulting 
from ch+nges in grain shape is shown in Figure 9. 

5.5.5 'I'he Design of a 
Hypervelocity 90-mrn Gun 

Taking the cross-sectional area of thc chamber to 
be three times that of the bore, the totalleagthof gun, 
L, = L + 0.033 v, Hence from thc tables of p we may 
plot v, against Xm/Xo or L, at  various muzzle veloc- 
ities, lnnxilnuln pressures, and densities of loading. 
Such a curve for V,, = 4,500 fps, P, = 60,000 
psi, the listed dcnsitics of loading, and FNH-MI 
powder, is reprodaccd as Figure 10. The optimum 
density of loadingisthat corresponding to the shortest 
gun at  each value of X,/Xo. The optimum densities, 
for various maximum pressures, are shown in Figmc 
11. The shortcst gun for each maximu~n pressure and 
the corresponding density ol loading are the double- 

To illustrate the types of calculations described in optimum conditions. The velocity and gun length. 
Section 3.5.3, a number of curve6 have been drawn" corresponding to these are plotted, for two powder 
for the 90-mrn gun describd in Section 33.1.4 (A types, and several maximum pressures, in Figure 12. - 10 in."), firing a projectile of 24 lb. We then have I t  must be rerrlerrlbered that in prwtice one would use 
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a somewhat smaller chamber, smaller density of load- 
ing, and loi~pcr gun than are given by Figure 12; but 
the curves give 3, good idea of the effect of chang- 
ing nlaxiinunl pressure, powder typs, orrccpircdmuz- 
zle velocity, in designing a 90-mm gun. The applica- 
tion of t,hese calculations to a spec,ific case is described 
in Section 31..8. 
3.6.6 Interior Ballistics of 

, Gun Firing Subcaliber Projectiles 

The preceding discussion, the principal results of 
n-hich are clepictcd in Figure 12, illustrate how dif- 
ficult it is, even with all ilnprovements in theoretical 
and practical gun design, to increase the velocity of 
conventional guns firing conventional projectiles into 
the range of 5,000 fps, unless very long weapons 
are used. 

111 order to att,:iin velocities this high 11-ithout 
lengthening the gun to 100 calibers or more, onc must 
find other means of decreasi~lg p. To use a projectile 

that is light for its cali.ber makes for poor exterior- 
ballistic stability, as is brought out in Chapter 8. If, 
however, a small-caliber projectile can be fired from 
a large-caliber gun, good cxtcrior ballistics may be 
obtained fogethcr with a lowered value of p. As the 
tables indicate, if p can be reduced to one-quarter of 
its normal value, by firing a projectile of half the 
caliber of the gun, the velocity increaae will be of the 
order of 2,000 fps. 

If t h ~  dccrcascd caliber of the project,ile is o1)taincd 
means of a sabot (Chapter 29)) there is sorne de- 

crease in ballistic efficiency, in that a portion of the 
energy of the poll-der is used in provjdi~~g kirletic 
energy to the sabot that is subsequently discarded. An 
alternate means of obtaining a subcaliber projectile 
\\-ith good ballistic form is to fire a deformable pro- 
jectile frotn a tapered-bore gpn, as is descri.bed in 
Chapter 30. The inethods and tables of the earlier 
sections of this chapter rnay be ttpplied tfo the guns 
firing 1;hese unconventional projectiles. 



Chapter 4 

INSTRUMENTATION FOR EXPERIMENTAL BALLISTIC FIRINGS 

4 ~ 1  THE ROLE OF EXPERIMENTA.J, 
BALLISTICS 

S OME OF THE PROBLEMG in interior ballistics that 
face the designer of a hypervelocity gun have been 

outlined in Chapter 3. Their solutiori requires more 
exact knowledge of the behavior of guns and projec- 
tiles during firing than has been available in t,he past, 
especially under conditions of hypervelocity. Djvi- 
sion 1, NDRC, working through the National Bureau 
of Standards and the Geophysical Laboratory of the 
Carnegie Institution of Washington, attempted toob- 
tain some of that knowledge by setting up a ballistic 
runge and making physical measurements with labor- 
:%tory precision during the firing of guns. 

The present chapter deals primarily with the in- 
strumentation developed for this purpose. I t  comprises 
a general description of the firing range, an outline of 
the ballistic events recorded during the firing of agun, 
and a condensed description of the apparatus uscd to 
record them.b A sketch i~ also given of a separate de- 
velopment a t  the Ceophysical Laboratory of tech- 
niques and instruments for measuring ballistic quan- 
tities directly by means of apparatus att,ached to the 
projectlle while it, is moving in the bore of a gun. 

Although certain instruments have been used for 
many years a t  proving grounds for someroutine bal- 
listic measurements, many others had to be developed 
especially fh these firings. This deve1opmen.t was 
carried out during the first two scrics of firings of rt, 

3-in. naval gun. Even though this is not a hypervelo- 
city gun, a thi-rd series of firings mas made with it not 
only for the sake of checking the performance of the 
instruments but also for the sake of obtaining bal- 
listic data that cnuld be used in elucidating some as- 
pects of ballistic theory. The prin,cipal results are pre- 
sentecl under appropriate-subject hcadingsin Scctions 
2.5.5, 5.2.2, 6.3, and 7.4. 

The first hypervelocity gun to which this instr~imen- 
tation n,as applied was the 37-mm, T.47 (Section 

a National nureall of Stenda~ds a8nd Ge~physice~l J~abora- 
tory, Carnegie Institution of Washington. 

" Complete descriptio~~s nrc giver1 in u scrics of NURC rc- 
ports listed as the lollowing items in the Bibliography: 39,44, 
65, 108, 131, 132. 

31.7), firing pre-engraved projectiles a t  a muzzle ve- 
locity of approximately 3,500 fps. These firin.gs repre- 
sented the first recorded systematic study of the in- 
terior ballistics of a medium-caliber gun with pre-en- 
graved projectiles. The results are summarized in 
Sections 5.2.2, 6.4, and 7.4. 

An important feature of the later stage of Division 
1's program was the development of a hypervelocity 
90-mm gun, firing pre-engraved projectiles at  a muE- 
zle velocity of 4,000 fps, as outlined in Section 31.8. 
It was planned thet cvcntuully one of these guns 
would be used jn a series of ballistic firings. As s prep- 
aration for that investigation, and especially in order 
that there ~vould be available a firm basis of compari,- 
son, plans were made for conducting a series of firings 
with a 90-mm gun, MI.AI.. The gun was procured 
through the cooperation of the Army Ordnance De- 
partment and its tube was modj.fied to accommodate 
measuring instruments just as the 3-in. gun had been. 
When Division 1's sponsorship of this work had to be 
withdrawn near the close of 1945, th,c Bureau of Ord- 
nance of the Navy Ilepartment supported its con- 
tinuance by the National Bureau of Standards. 

4.2 THE CARDEROCK RA.NGJ3 
AND THE G"UNS 

4.2.1 Range and Laboratory 

The ballistic range, including the associated labora- 
tory, was constructed for Division 1 on the grounds 
of the Navy Department's David W. Taylor Model 
Basin a t  Carderock, ~ a r ~ l a n d ,  a few miles from the 
District of Cohlmhia. The range is 500 ft long and is 
horizontal. Concrete piers for the support of vcloc- 
ity'solenoids are located a t  50-ft intervals along the 
range. A set of duct,s extends along the range from the 
laboratory \vil;h a manhole opposite each pier and one 
near the gun. Through these ducts wires extend to thc 
laboratory from each pier and fromthe gun. At the 
distant end of the ran.ge there is a sand-filled butt 
with heavy concrete malls and a removable concrete 
block for a cover. 

The laboratory is a one-story frame structure lo- 
cated about 50 ft behind the gun. It has two rooms, 
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the powder chamber and the muzzle. The two holes 
cornposing each pair were a t  opposite ends of a 
horizontal diameter. 

4.2.3 The 37-mm Gun 

One of the experimental 37-mm, T47 guns describ- 
ed in Section 31.7 was provided by Division 1 through 
the Franklin Institute. This gun fired a 1.62-lb pre- 
engraved projectile a t  a muzzle velocity of about 
3,500 fps. Its chromium-plated tube had been rnade 
by boring a 40-mm tube for 37-~nm and chambering 
i t  for a standard 4-0-n~m cartridga case necked down 
to accommoda.te a 37-mm projectile. 

In order to prepare this tube for ballistic firin.gs, a 
collar about 6 in. long was shrunk on the barrel, near 
the base of the powder chamber, and two holes were 
drilled through this collar into the powder chambcr 
to receive powder-pressure gauges. The flash hider 
was replaced with a muzzle plate carrying muzzle 
fingers, an optical ejection indicator, and the antcnnaa 
for the microwave interferometer. 

Six types of projectiles, two types of powder, and 
three types of primers were used in the ballistic 
firings. 

4.3 EVENTS RECORDED A.ND QUA.NTITIES 
DETERMINED 

Method of Measurement 

loaded springs broke its contact and thus recorded 
this evcnt on t,he oscillogrzl,ph trace. The inertia of the 
other loaded spring, however, held its con.tact more 
tightly closed until the firing pin st,ruck the primer, 
when the inert)ia of its loaded spring opened this con- 
t&t and thus made its record. The average time of 
travel of the firing pin was about 15 msec, which was 
about 5 msec longer than the t,ime frorn the ignition 
of the primer to the ejection of the projectile, when 
full servicc charge was used. 

4.3.3 Start of I'owder :Pressure 

The time a t  which the pow-der pressure started was 
obtained from a film by determining the time a t  
which the trace for the pressurc in the powder cham- 
ber sho~ved the first sign of curving. Because of the 
slow rise of pressure a t  the beginning, the time a t  
which i t  started could not be deterrnincd precisely. 
Tlle uncertainty in the time of start of pressure in the 
$in. gun did not often exceed 0.2 or 0.3 msec in a 
total time to ejection of about 8 msec. 

4.3.4 Start of Radiation 

The time a t  which radiation from the powder gas 
started was obtained from its trace on the film by 
detcrmining the time a t  which the trace started to 
curve. The initial rise in radiation was quite rapid so 
that the time at  which i t  started could be determined 
within 0.1 msec. The start, of radiation usually occur- 

The important cvents which occur when a gun is red slighttly before the s t s t  of pressure. 
fired arc rccordcd on photographic films as oscillo- 
graph traces and in other ways by means of the in- s.s.s Start of Recoil 
struments described in Section 4.4. From these rec- 
ords the quantities involved in interior ballistic cal- 
culations are determined. Somt: of the events involve 
only time, such as the time the firing pin strikes the 
primer or thc time the projectile passes the muzzle of 
the gun. Other events require the dctcrminatinn of a 
quantity as a function of time, such asthe temperature 
or the pressure of the pow-der gases. The measure- 
ment of each event requires special consideration. 

4.3.2 Firing Pin Strikes the Primcr 

The start of recoil of the gun was indicated by the 
ope~ing  of a contact on the recoilmeter (Section 
4.4.7), which was designed to operate when the gun 
had moved less than 0.001 in. The operation of this 
contact produced a stcp on the film traces the time of 
which, could be determined to 0.01 msec. The start of 
recoil usually occurred before the measured start of 
pressure or of temperature of the powder gas. I t  is of 
interest to note that the recoil was initiated in the 
3-in. gun by the for\vard motion of the powdcr charge 
before the projectile started to move. 

The firing pin of the 3-in. gun carried t~v-o spring 
contaot devices, normally closed. The free end of each 4.3.6 Start of Projectile 
spring was loaded to increase its inertia. These con- 
tact devices faced in opposite directions. When the The time of the start of t,he projectile was original- 
firing pin started to move, thc incrtin of one of the ly recorded on the oscillogrnph film by an inertia con- 
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tact,-breaking device located within the projectile. 
This device transmitted its starting signal whcn the 
projectile had moved only a few thousandths of an 
inch. It required a mire stretched bc:t~veen the pro- 
jectile and the muzzle. Tt, had to he discarded when 
t,he microwavt: interferometer (Section 4.4.1.5) mas 
installed. However, the approximate time a t  \\-hich 
the projcctile started t,o move could be obtained from 
the microwave interferometer method by observing 
\\hen the trace started to curve. 

4.3.1 Travel of Projectile :in Gull 

4.3.10 Muzzle Velocity 

Approxin~at,e ~:alucs of the muzzle velocity for the 
3-in. gun have been determined by two independent 
methods, one of which involves the extrapolation of 
the range velocit,~ back\\-ard t o  the muzzle, the other 
t,he extrapolation of the velocity in the gim forward 
to t,he muzzle. The extrapolattion required in the first 
method car1 be more accurately performed, but the 
valuc obtained for the niuzxle velocity requires a cor- 
rection for the effect of tlie blast,. This correction haa 
not been determined directly, an.d tlle uncertainty in 
its value as found by approximate proccdurcs con- 

For the 3-in. gun the travel of the projectile 11-as stitutes the chief limitation on the accuracy of the 
observed by three indepcndcnt methods. In the first method. Presulnably the blast accelcrhates the pro- 
 neth hod t,he instant \\-as recorded a t  \vhich the rotat- jectile, and hence the first approximate value of muz- 
ing band made contad; \\.it11 each of several insulated zle velocity given by extrapolation of tlie range veloc- 
pins inscrted in radial holes along the gm1 barrel. This ity will be too largc. The muzzle velocity for the 
lnethod is probably the inost precise of the three, but 37-mm gun was obtained by t,llis lnethod of extra- 

a Ion. is limited by the necessarily sn1:tll number of holes. pol t '  
The second metl~od uses 11-irc-resistance strain gauges 
(Section 4.4.10) to deterrrlirle the inst8ant a t  \\-hick the 
projectile passes give11 transverse planes, as discussed 
in Sectlion 7.4.1. TT~~riatio~ls in the ratio of band pres- 
sure to pol\-cler pressure introduce uncertainties in the 
interpret,ation of results. The third method locates 
t l ~ e  projectile I;)y the microwave interferometer (Sec- 
tion 4.4.14). This method gives a large nuinbr:r of 
points along the gun barkel but a t  the disa(1v:mtagc 
of requiring elaborate apparatus. It \\-as the only 
nlethod used in determining the motion of t,he pro- 
jec:tilc in the 37-111111 gun. 

4.3.8 Velocity of projectile in Gun 

4.3*11 Vel.ocity of Projectile on Range 

For both guns the x-elocity of t,he ~nagrletized pro- 
jectile -was measured by recording on an osc,illogrftph 
film the times at, \~llic:h the projectile passed through 
solenoids located at  lncasured positions along the 
range (Section 4.4.11). I t  was e~t~irnated that the 
average velocity between any pair of solenoids 
waa deternlirled witth a,n accuracy of at  least 1 
fps. 

The observed values for the 3-in. gun extend from 
3,,730 fps with 50 per ce11t of service charge to 2,730 
fps with 100 per cent charge. For the 37-nlm projec:- 
tiles the velocities range from 3,260 to 3,870 fps for 

Several methods have been used experimentally for projectiles neighing I .C32 to I. 3-1 lb. 
measuring this quantity. The preferred  neth hod con- 
sist,~ in plotting the curve of projectile posit,ion as a , ,  l ~ ) ~ ~ ~ l ~ ~ ~ ~ ~ ~ ~  oE Projectile on R~~~~ 
function of time, as obtained from the data yielded 
by the micro\vave interferometer (Section 4.4.14), The deceleration of 3-in. projectiles on the range 

graphically differenti~ting this curve to obtain has been cornput,ed for each successive trio of sole- 
t,he curve of velocity as a function of time. noids, and for the first arid the last pair of solenoids. 

Obscrved values range from 178 ft/sec2 for 50 per 
'.x9 A.cceleration 01 Projectile in Gull cent of service cllnrgc to 380 ft/sec2 for. 100 per cent 

of service charge. I t  was found that for 3-in. pro- 
The accelerat,ion-time curve for thc projcctile has jectilcs having identical rotat,ing ballds the decelera- 

been obtained by graphical differentiation of t,he ve- t,ion a, in ft,/sec2; is given with reasonable accuracy by 
locity-time curve. No direct method of measuring tthe 

a: = 0.194Ti-157. 
projcctile acceleration was used in t,he Carderock fir- (1) 

ings. A met,hod t,ried in LL 20-nlrn gun is clescriX)ed i11 For the 37-nim project,iles the obsers-et'l valuc3 ol dc- 
Section 4.5. celeration range lroln 600 to 1,250 ft,'sec'. 
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4.3.13 Displacement of Gun in Recoil of service charge the maximum acceleration in recoil 
occurs about 4.5 lnsec before ejection. For the lower 

The displacement of the 3-in. gun in recoil as 3, values of charge the maximum occurs at  longer inter- 
function of time has in most instances been directly vals before ejection, the interval for 50 per cent 
determined by the step-by-step recoilmeter; in a few charge being about 7 msec. 
rounds the continuous recoilmeter has been used (see 
Section. 4.4.7). Other met,hods, uscd in a few cases, 
are (I) the integration of thc velocity-time curves of 
the velocimeters, and (2) the double integration of 
the acceleration-time curves of the acce1erometer.s. 
Theoretiaally, all the records of the motion of the gun 
in recoil can be compared through differentiation or 
integration of the curves drawn by the various in- 
strumcnts. 

4.3.14 Velocity of Gun in Recoil 

The velocity of the 3-in. gun in recoil as a function 
of time has been measurcd by threedifferentmethods, 
namely, (1) direct mcasurement 1% ith a velocimeter 
(Section 4.4.8); (2) differentiation of a displacement- 
time curve; and (3) integration of an acceleration- 
time curve. Thc method that has been most extensive- 
ly used is the graphical differentiation of the displace- 
mcnt-time curve given by the step-by-step recoil- 
meter (Section 4.4.7). I-Io~vever, this method does not 
work well when the velocity and the displacement are 
small, and other methods are a t  least of equal accura- 
cy for the first part of thc curve. 

4.3.16 Pressure of Powder Gas 

The pressure of the powder gas was usually meas- 
ured a t  four positions along the 3-in. gun by the 
gauges described in Section 4.4.12. The data from the 
pressure-time curves of each round have been com- 
bined with the dats from the displacement-time curve 
of the projectile for that round to give the pressure in 
ench hole as n function of the position of the projectile. 
The displacement-time curvc of the projectile, as 
determined by thc ~nicrowavc intcrfcromcter, has 
been used in all rounds when available, but in other 
rounds it was obtained either from strain-gauge dats  
or romputed from measurements of the recoil of the 
gun. The pressure on the base of the projectile as a 
function of projectile displacement has been deter- 
mined from the pressures a t  the several holes and 
plotted for each round. Figurc 2 shows thc pressure- 
time curve for 100 per cent chargc in round 65, as 
measured a t  each of four holes. Figurc 3 relates to the 
saine round but shows the pressure as a function of 
projectile travel. 

The values of nlaxinlum pressure obtained in the 
various rounds may have keen influenced by a t  least 

4.3.15 Acceleration of 3-in. Gun in Recoil three factors,namely, condition of the interior surface 
of the gun barrel, the initial position of the projectile, 

The acceleration of this gun in recoil has been re- 
corded directly by the crystal accelerometer, and by 
differentiators operating on the current from a veloci- 
metcr (Section4.4.9).Ithasbeenobtainedindirectly by 
the differentiation of a velocity-time curve and by the 
double differentiation of a displacement-time cmvc. 

The accelcration of the gun a t  a given point con- 
sists of two parts, namely, its basic acceleration, and 
thc acceleration resulting from vibrations in the gun 
structure. Thc acceleroineters may have a very rapid 
response, indicating all-the sudden changes in acceler- 
ation (including those resulting from vibrations); the 
graphical-diffcrcntiation methods, on the other hand, 
are suitable only for giving average values covering 
about 0.1 mscc. Both types of method have theiruses. 

and the temperature of the barrel and the powder. 
There is a definite indication that the maximum pres- 
sure is lox-est with the projectile in its normal posi- 
tion and t,hc interior surface of the barrel greased. 
The maximum pressure is somewhat greater if the 
gun barrel is dry; it is a little greater if the gun barrel 
is greascd and thc projectile is advanced so that it is 
seated against the rifling; and i t  is greatest when the 
projectile is advanced and the inner surface of the 
gun barrel is dry. 

Maximum values of powder pressure in the pomdcr 
chamber of the 3-in. gun for service charge ranged 
from 38 to 49 kilopounds psi. Maximum pressures in 
the 37-mm gun ranged from 52 to 64 kilopounds psi. 

Maximum values of acceleration in recoil for the 4,3.1, Temperature of Powder Gas 
3-in. gun range from nearly 7,000 ft/sec2 for 100 per 
cent of service charge down to about 2,000 It/secYfor Measurements of the temperature of the powder 
50 per cent charge. For 100 per cent and 90 per cent gas were made by observing the intensity of the ernit- 
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ted radiation as dcscribed in Section 2.5.4. One-color measured for all but one of the first 3.1 rounds." The 
and two-color pyrometers (Section 4.4.13) have been rneasureme~lts showed that the muzzle of the gun 
used on the 3-in. gun in various combinations a t  hole started to move upward a t  about 1 msec before ejec- 
positions 1, 2, and 3, as far as the limited number of tion and had moved nearly 2 inm at  ejection. 
recording channels permitted. 'U~lfortunately, i t  up- 
pears that the temperature is far from uniform 
throughout the powder chamber or along the bore of 
the gun and the results for any onc round :tt nny in- 
stant give the tcmpcraturc of only a small local vol- 
ume in front of the window, rather than the average 
tempcrature a t  that instant throughout the chamber 
or across the diameter a t  the position of the hole. For 
this reason, together with the fact that the limitcd 
supply of recording apparatus restiicts the types of 
measurements made in any one round, the typical 
rounds chosen for the rcport must not be thought of 
as in any sense typical ol the cornplete body ol the 
data, but mercly as examples. The results of the tern- 
peraturc mcasurements are summarized in Section 
2.5.5. 

In  the holes opening into the powder chamber. i t  
has been found that for service charge (1 ) radiation is 

43.20 Pressure in Recoil Cylinders 

Measurements of pressure in the recoil cylinder of 
the 3-in. gun were made under two conditions. In the 
first, the recoil cylinders werc filled with fluid to the 
vent hole, whereupon the prcssure began to rise sever- 
al rnilliseconds before ejection. In the later rounds the 
cylinders were first filled and then a small quantity 
(s pt in most cases) mas removed. Under these con- 
ditiohs the initial, rise of recoil.-cylinder pressure oc- 
curred after e,ject,ion. This delay simplified the cor- 
relation of the motions of the gun and the projectile 
because the opposing force exerted by the recoil 
cylinders is zero throughout thc intcrval considered. 
The distance the gun recoiled was not changed ap- 
preciably by the removal of the liquid. 

first observed a t  or shortly before the s t t~r t  of pressure; 4.3.21 Ejection of Projectile 
(2) a brief flash of high-temperature radiation (about 
2300 I<) coinciding ~ ~ i t h  the first sharp risc of pres- Two methods of recording the ejection of the pro- 
sure to about 3,000 psi, is followed by rapid cnblins 
to about 1900 K, and then by a gradual rise toward 
a maximum; (3) the maximum temperature of 
2550 k 100 I< is rcaohcd a t  about 5 mscc beforc ejec- 
tion; the maxiinum pressure occurs about 1 msec 
after the maximurn temperature; (4) as further ex- 
pansion of the gas continues, the temperature drops 
rapidly until a t  ejection i t  is near t,hc limit of mensure- 
men t (1 600 K) . 
4*3.18 Strain Measurements on ,the Gun 

Strain, rneaslzrements" made by means of the 
gauges described in Section 4.4.10, which were placcd 
on the external surface of the 3-in. gun barrel, have 
been of two kinds: (I) qualitative measurements 
,which served to determine the time of passage of the 
projectile, and (2) quantitative rneasurernent,~, used 

jectile were tried. One depended upon the mechanical 
contact in an electric circuit while the other* was an 
optical method. An ejection signal was recorded when 
the front of the rotating band made contact with 3 

muzzle finger m.ounted on the muzzle plate. Complete 
ejection occurred slightly latcr, as about 2 in.. of the 
projectile was still in the muzzle of th.e gun when the 
signal was recorded. 

An optical system was developed with the expecta- 
tion that a signal would he obtained when the nose of 
the projectile intercepted a besm of light passed 

- - 

in front of the muzzle and which activated a 
photoelectric ccll. As explained in Section 4.4:.1.5, 
this optical niethod of determining ejection did not 
work well because the beam was obscured by coin- 
pressed gases and smoke 0.6 to 1.0 msec before the 
nose of the projectile arrived a t  the beam. 

in studyirlg the forces acting on the gun tube, in order 
to determine their influence on the friction between 4.3.aa Pictures of M,uzzle Smoke and Flash 
the gun and the projectile. This evaluation is a diffi- 

The smoke and gases emerging from the rnuzale 
cult problem, 2s is brought out in Chapter 7 (especinl- 

I of the gun and thc flash mere photographed by the ly Section 7.4). high-speed cameras described in Scction 4.4.16. 

4.3.19 Jump of Gun Gases emerging from the muzzle usually obscured 
the projectile so that i t  did not become visible un- 

The jump of the %in. gun as a function of time was til it was scvcral fcct in front of thc muzzle. The pic- 
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tures showed thc development of the flash over the 
ball of emerging gases. I t  usually started a t  several 
different points a t  about the same time and then 
merged into n single ball of flamc. The different 
powders produced about the same type of flash 
when service charges were used; but the flash devel- 
oped with different speeds when reduced ch.arges 
were used. 

4.3.23 Intensity of Muzzle Flash 

The intensity of the niuzzle flash from the 37-nm 
gun was measured with the flashmeter described in 
Section 4.4.17. Measurements were made a t  several 
positions in front of the muzzle. The results show no 
significarlt correlation ~ ~ 5 t h  powder classes except for 
the marked difference betwecn M-1 powder (low 
flash-intensity) and M-5 po~vder (high flash-inten- 
sity) . 

4.3.24 Pictures of Projectile in Flight 

On several rounds pictures of the 37-mrnprojectiles 
in flight were made about 75 f t  in front of t,he gun by 
illuminating the projectile with a "mnicroflash" (Sec- 
tion 4.4.18). In  some cases two cameras were placed 
so th:tt the angle between their lines of sight, TV:LS 90°, 
thus ~naking i t  possible to nieasure the yaw of the 
projectile. However, the cameras that yere used 
were so small that the measurements of yaw were 
not precise. In  other cases the two camcras were 
placed a short distance apart on a line parallel to  
the path of the projectile and stereoscopic pictures 
were obtained. 

4.3.26 Shock Waves 

,4 shock wave is initiated as a pulse a t  the muzzle 
of the gun \\-hen the projet:tile is eject,ed and is propa- 
gated out\\~ard from thc muzzle in the form of a spher- 
ical shell. B zone of the sphere lying along that great 
circle \~hich  is perpendicular to t,he sun's rays refracts 
the rays to produce a shadon- of that great circle on 
the ground or other background. Some of thcse shad- 
o~vs have been pl~otogruphed by the projectile camera. 
They \irere not observed in the first examinationof the 
pictures made with the 3-in. gun. They \\-ere first 
observed in one of the pictures ttaken in it continua- 

4.4 INSTRUMENTATION. 

4.4.1 General Outline 

The instruments located on or attached to the gun 
produce electric signals that are transmitted to the 
lsboratory and control the deflection of the electron 
beams of cathodc-ray oscillographs. Becausc a rather 
high voltagc on the deflecting plates is required to 
deflect these beams, an amplifier is built into each 
oscillograph to increase the voltage of the trans- 
mitted signals. Other electronic equipment between 
the instrilnlents and t,he oscillographs is mainly for 
mixing circuits or for matching impedance. In  all but 
the temperature mensuren~cnt, the records are made 
on a rapidlv moving film mounted on a drum. Tem- 
perature measurements are recorded by small carn- 
eras rigidly mounted in front of t,he oscillograph 
screen, ~vith ft sweep circuit to produce the horizontal 
motion of the oscillograph spot. 

The timing of the moving f lm or of the motion of 
the sweep circuit is accomplishecl by giving to the 
electron bean1 a srnall vertical deflection every milli- 
second. The speed of the moving filrn is such that 
these millisecond pulses are about 1.5 cm apart. On 
the film of the still cameras the distance between 
timing pulses is about 9 mm. il common-time signal 
is recorded on each trace when the firing pin begins to 
~nove (Section 4.3.2). This signs1 makcs it possible to 
correlatc the times of events rccorded on different 
films. For some of the event,s only the time of occur- 
rence needs to be recorded. Other phenomena rcyuire 
t,lle measurement of quantities that vary with time, 
for which purpose two types of recording in~t~rumcnts 
have been used. One gives a continuous record, the 
other a step-by-step record. 

4.4-2 Instruments for Making the Records 

The instru~nents for making the records were 
oscillographs, rccorders, and auxiliary equipment. 
.The latter includes the wiring for operating the record- 
ers, the devices for making a definite bjse line on the 
film, and the calibrating apparatus. Figure 4 shows 
an assembly of recording apparatus including two 
details of special parts. 

The two oscillographs axe of the DuMo~lt  Type 

tion of this research. h re-examination of the pictures 
The cxperience of the Geophysical Laboratory i11 recording 

from the 3-in. gun sho~vcd the shado~l-s of the l17aves ,mlosion ,,ressures3 by means of osoillagra,phs? m-as 
quite distinctly. inblannirli the installntion,.ut Carderock. - 
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FRONT WEW OF DRUM CAMERA 
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FIGURE 4. Recording apparat,us for ballist,io measurements. 
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208. r)irer:tly in front of them is the recorder, ~vhich 
is essentially a light,-tight housing enclosing an alumi- 
num d r u ~ n  19 in. in tli~uneter with a 4-in. face. The 
clrunl is tjclt-clriven by a d-c motor. The housing can 
be opcned to permit the mounting of a photographic 
film on the drum. An electrically operated shutter 
controls the exposure of the film. The shutter opening 
is wide e~iough so that the tn-o oscillographs may re- 
cord on a single film, A release magnet opens the 
shutter circuit and allows the shutter to close after 
any desired nu~rlber of revolutions not exceeding 5. 
The opt,ical system requires a lens to focus the spot of 
each oacillograph on the film. 

The drums \$-ere syr~chronixed with each other and 
with the firing mechanism of the gun so that the 
shutters of all the drums opened immedit~tely after 
the slot holding the ends of the film passed the shutt,er. 
One drrllli was used as a master drum and s contact 
on i t  operat,ed the firing mechanism. This same con- 
tact flashed lights on the other drums ~vhich allou-ed 
the operators to synchronizc their drums 114th the 
master drum Iny observing the stroboscopic motion of 
a disk mounted on the drum shaft. By this arrange- 
ment the record always appeared in the central por- 
tion of the film. 

Two types of records were obtained, one in which 
the time of an event is indi~at~ed by an abrupt clis- 

placement of the trace, the other, in lvl~ich the ordi- 
nate of thc curve a t  any time is proportional to the 
magnitude of the qui~ntity measured. In Figure 5 
the low-est trace of (A) is an example of the forlncr 
type of record, and the trace of (B) illustrates the 
latter type. For both traces the number above the 
trace is the nuniber of lnilliseconds from a com- 
mon time signal not shown in the figure. The figures 
below trace (A) indicate the steps on a recoilmeter. 
The other traces of (A) ~vill be referred to later. 

4.4.3 Oscillograph Calibrators 

The oscillograph calibrators break up the measur- 
ing trace into a definite series of short sections, stair- 
step fasllion, the ordinate of each step corresponding 
to a definite value of the quantity that has just been 
recorded by the trace. Thr urlique teatura of these 
calibrators is the snitching mechanism, in which an 
electrically rclcased falling weight opens 3 series of 
switches, connected to a special network, to produce 
the steps on the film by changes of either resistancc 
or voltage. This feature is shown in Figure 6. An inl- 
portant feature of these calibrators is the fact that all 
switches are opened to produce changes in resistance 
or voltage. This feature of operation insures that no 
chattering of contacts can occur, even ~vlien they are 

6 
FIGURE 5. Types of txaces obtained in ballist,ic measurcnlcnts ~ i t h  3-in. gun. 
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on the traces shown in Figure 5. The same series is 
recorded on all the traces of the films that :ire exposed 
a t  any one time. The series on the dserent  traces of a 
set are correlated by having one or more distinctive 
events, called the common time, recorded on each 
trace. The ti.ming pulses for the films are initiated by 
a 1,000-c fork and are impressed on the oscillograph 
circuit by electronic devices called "pulsers." In the 
course of the investigation thesc devj.ces have under- 

BAKELITE RINGS 
gone improvements which make t,he pulses appear 
simultaneously on all the oscillographs and increase 

- the precision of reading the position of the pulses on 
'RUBBER CUSHION the film. The description in the next section is limited 

o to the improved form us used in the third series of < INCHES 
firings with the 3 in .  gun.132 

P r c v a ~  6. Switchjng device of t,he oscillosraph ca1ibra.- 
tor. The switches are actuated by a falling weight. 

opened a t  the rate of one every millisecond. Figure 7 
is a diagram of the circuit of the calibrator used with 
the velocimeter. 

4.4.4 Timing of Film 

The timing of each film is accomplished by record- 
ing on i t  a continuous series of pulses that occur at; 
intervals of 1 msec. These timing pulses may be seen 

4.4.6 Pulsers 

The timing-pulse generator is designed to convert 
the 1,000-c output of the tuning fork (and related 
assembly) into a series of pulses in which the voltage 
rises sharply, remains nearly constant for about 25 
pscc, then decreases just as sharply l;o acra. The dis- 
tance on the film betwcen thc rising side of the pulse 
and thc descending side is such that the cross hair of 
the reading microscope may hc accurately sct mid- 
way betwcen the two sidcs. This condition enables 
accurate settings to  be madc. An identifying signal, 
inserted in thc trace of each film by the firing-pin 
contact, provides a common-time origin for 211 the 
films. This feature, in connection with the sirnulta- 
neity of the timing pulses, makes possible very 
accurate coordintition of the timcs of all recordcd 
events. 

The exposcd films required special handling and 
developing because of the stringent requirements for 
the finished negatives." The development and initial 
fixing were carried out in the dark because the film 
was too sensitive to permit the use of even red light. 
The observed differential shrinkage ranged from 0.4 

R is total  resistnnce in battery circuit, whcn all switches are closed. per cent to nearly 3. per, cent and the resulting 
0, I, 2. . . . 5 are switchcs opened by felling wcight.. error in time ~neasurernent~s did not exceed 5 psec 
7 1 ,  r?, . . . re, arc resistances added to circuit by opening of switchcs 
1.. . . - 5  

and was usually less. 
E h  is  vollage of battery ond Bs that ol standnrd cell. 

G: iu salvanomctcr. 
4.4.7 Recoilmeters 

FIGURE 7. Oscillograph calibrator circuit for veloci- Two forms of recoilmeters h m e  been used t , ~  meas- 
meter. ure the displacement of the gun in recoil (Section 
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FIGURE 8. Recoil~nct,er for measuring amount of recoil of a gun. 

4:.3.13). not11 operate on thc same general principle, 
namely, the vari~ition of resistance in a circuit by the 
motion ol a sliding contact. In the first recoilmeter 
the lnot,ion of thc gun drives the slider along over a 
series of silver contact segment,s bet~veen IT-hichresist- 
ors are connected. Figure 8 shon-s this i~lstrument 
v-ith a part cut an-ay to sho~\- details. The step-by-step 
record obtained with this instrulnent gives a precise 
indication of thc time a t  \\.hich thc displacement of 
the gun attains certain values. The slider of this re- 
coi1mei;er is connected i;o the gun by a steel tube. Pro- 
vision is made for indicating the start of recoil (Sec- 
tion 4.3.5) by the separation of ~ T V O  contacts, one 
attached to the slider and the other to the base of t,he 
recoilmcter. 

The second rccoillnetcr operates on the same gen- 
eral ~rinc,iple but the series of discrete contacts is re- 

ord given by this instrument, it is called the contin- 
uous recoilmeter. I ts  slicler is carried by thc dovetail 
slide of the step-by-step recoilmeter, and the slide- 
m-ire assembly is fxstcned to the side of the base of the 
step-by-step recoilmeter. 

4.4.8 Velocirneters 

Two fonns of velocirneters have been used for 
determining the ~e loc i t~y  of rccoil of the gun (Section 
4.3. J..4). In the first one us(-:d in this investigation the 
linear motion of the gun causes t,he ~irrnature of a 
small a-c generator to rotate. This requires int,er- 
mediate n~echanical means to convert the linear re- 
coil of the gun into rotary motion of the annature. In 
the second form the linear motioll of a coil of \\-ire in a 
radial ~nagnctic field is nominally identical ~ t i t h  the 

placed by a slide ][ire. Because of t,he form of the rec- motion of the gun and the mechanical connectioil - 
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of t,he velodrneter to the gun is therefore much 
simpler. 

The rotary velocimeter is a magneto-type bipolar 
a-c generator constructed to have a subst~tntially 
linear relation between angular velocity and electro- 
motive force over about 110" of eachhalf-cycle. Figure 
9 is a view of the generator. The stationary field mag- 
net is composed of five Alnico magnets of the type 
used in General Electric Type JIP-9 d-c amincters. 
The armature, .$vhich is a single narrow coil \\~ound on 
a bakelite tube, revolves around s stationary iron core 
located coaxially between the polepieces of the mag- 
nets and supported by pedestals attached to the ends 
of the base plate. The ends of the armature coil are 
connected to silver slip rings mounted on the bakeljte 
tube. With no current in the armature, no armature 
reaction can occur, md because the armature core 
does not rotate, there is no reaction from it that can 
affect the field flux either in magnitude or distribution. 
The inst,antaneous induced electromotive force is ac- 
curately proportional to thc instantaneous angular 

velocity, and the wave form for any constant hngular 
velocity is independcnt of -the magnitude of this 
velocity. 

Because the generator must be mounted and used 
near the gun, and consequently be exposed to outdoor 
ternperaturcs, the dependence of its induced electro- 
motive force on the t,emperaturhe of the generator is 
important. I t  was found that an increase of 3. centi- 
grade degree in its temperature lowercd its induced 
electromotive force by 0.014 per cent. 

The armature of thc generator is rotated by t'he 
gun, by means of two thin steel tapes that wind in 
grooves in a sheave attached to the tubular armature 
"sh.aft." As the gun recoils, one tape unwinds from 
the sheave and the other winds up. During countel.- 
recoil the functions of Wlc tw-o tapes are int,ercl-iangcd. 
If vibrations in the driving system of the armature are 
neglected, the angular velocity of the armature of the 
generator is proportional to the linear velocity of the 
gun. The velocity of the gun was obtained from the 
mechanical di~nensioris of the driving system and the 
electrical calibration of the generator. The electrical 
calibration was obtained by rotating the armature a t  
a known uniform speed and determining the gencr- 

I i ' r ~ u n ~  9. Rotary velocimeter for mcasurirlg velocity of recoil of a gull. 
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CORE SLEEVE 

TOP HALF OF CROSS-SECTION 
SHOWING DIRECTION OF 
MAGNETIC FLUX 

MAGNET 

Frou~~c 10. Linear vclocimeter for mcasiiring volocit,y of recoil oT s gun. 

ated electromotive force during the portion ol the 4.4.9 Accelerometers 
cycle when i t  was uni10rm. Thus the relationship be- 
tween the recorded elcctromotivc force and thc veloc- 

DIFFJ~CNTIITORS FOR VELOCIIV~ETEH. ity of the gun was obtained. 
In addition to the use of t,he crysta,l accelerolneter 

111 the linear velocimetcr, sho~vn in Figure 10, s 
helical coil of wire, which can move only in its slrial 
direction, is located in the raclial magnetic fielcl be- 
t\veen an iron rod and the inner sudace of an outer 
coaxial iron tube. The coil is wound in an annular 
groove cut in n bakelite tube that s1id.e~ on the iron 
rod. The magnetic flux is set up by an Alnico magnet. 
This flux is uniform in the aliixl direction fol* al~out  
(3 cm. This uniformity was checked by observing that 
equal deflections of n ballistic ga~lvanometer miere 
obtnined when the coil was suddenly moved through 
small equal distances throughout this region. These 
deflections dong with known constants of the systern 
were used to determine the voltage which was induced 
when the coil \\-as moved with unit velocity. The 
magnetic st,nncture of the accelerometer is fastened 
to the gun picr and the balrelitc tube is attached to 
the gun barrel in such a manner that when the gun 
recoils, the velocimeter coil is drawn through t,hc 
mag~etic  field without any physical contact bctll-een 
thc coil tubc and the iron structure. 

described later in this scction, gun acceleration was 
measured nit,h instruments which are in effect devices 
for differentiating the eIectromotive force generated 
by the velocimeter. T\vo types have been considered 
and tricd, one of which employs n mutual inductance, 
the other a capicitance in series with a resistance. 

Figure 11 is the circuit diagram of the mnut,ual- 
in.dud;ance accelcrometer. Th,e principle involved is 
that the voltage induced in the secondary of a pure 
mnutual inductance is directly prop~rt~ional to the 
time-rate of change of current in thc primary. Escept, 
for same dist~xrbing elements, the output voltage of , 

thc generator is directJy proportional to the velocity 
of recoil. The output voltage of the generator is fed 
into the grid circuit of a GJ7 tube, t,he plate circuit of 
which includes the primary of the mutual induct,or. 
The tube is so biased that, for the range of input 
signal voltage used, the ~vczveform of the plate current 
is a faithful reproduction ol the waveform of the 
input voltage. Hence the current in, the primary of 
the nlutual inductlor has the same \\-i~veform as the 
voltage induced in the velocimeter. The voltage in- 
duced in the ~cconcla~ry of the mut,ual inductor is dj- 
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GENERATOR OF VELOCIMETER The crystal is so cut and naountcd that the quantity 
of electricity developed on its electrodes is propor- 
tional to the acceleration to which the crystal and 

--- any associated load are subjected. The potential drop 
over the parallel capacitor is equal to the quotient 
obtaincd by dividing the quantity of electricity de- 
veloped by the sum of the capacitances of the crystal, 

- the linc, and the parallel capacitor respectively. Thc 
accelerometer impresses on the oscillograph a voltage 
which is partly the result of the instantaneous acceler- 
ation a t  the point of attachment to the gun and part- 
ly the result of the vibrations of the crystal and those 
of the gun, each a t  its individual resonant frequency. 

FIGURE 11. Mutual-inductance accelcrotneter for meas- 
uring acceleration of recoil of a gun. 

' 

rectly proportional to the tirnc-rate of change of the 
plate current, and hence the deflection of the oscillo- 
graph a t  any instant is theoretically proportional to 
the accelerati,on of the gun. However, difficulties 
were encountered in the use of this method during 
th.e firings of the first 11 rounds.39 

These difficulties were caused by distributed capac- 
itances in the air-core mutual inductor used. Since 
then, this inductor has been replaced by an inductor 
with a magnetic core which had a winding of fewer 
turns and hence smaller distributed capacitance. A 
filter was connected between the inductor and the 
oscillograph to suppress high-%requcnt:y oscillations. 
The resulting improved differentiator has been used 
as an accelerometer to obtain a continuous record of 
acceleration from a voltage that a t  every instant is 
proportional to the veloci.ty of recoil. It has also been 
used to record the velocity of recoil from the drop in. 
potential across a slide-wire, namely, the continuous 
recoilnaeter described in Section 4.4.7. Satisfactory 
records have been obtained. 

The type of differentiator using a capacitance in 
series with a resistance was used on a very limited 
number of rounds so that insufficient data were ob- 

As the voltages caused by the acceleration of these 
resonant vibrations may a t  any  instant be several 
times as large as the voltage produced by the non- 
vibratory acceleration of the gun, i t  is necessary to 
use a filter in the oscillograph circuit to suppress the 
voltages produced by the resonant vibrations. 

The crystal accelerometer embodied a crystal unit 
made of a newly developed materia1,hammonium 
diphenyl phosphate (ADP). The detajls of its con- 
struction and attachment to the gun, the method of 
calibration of the crystal, and a block diagram of con- 
nections of the crystal, cathode follower, filter and 
oscillograph have been described.6-5 

'.'.lo Strain Gauges for Projectile 
Displacement in the 3-in. Gun. 

As the projectile passes any given section of the 
gun, the barrel expands. If thc ti.me 01 occurrence of 
this expansion is recorded for a number of points 
along the barrel, e displacement-time curve can be 
plotted. A record of barrel expansion, as obtained in 
this manner, is shown in Figure 1.2. Two types of 
wire-resistance strain gauges have been used in this 
projcct. The first w-as the Baldwin-Sont,hrna,rlz Type 
C-1, SR-4 gauge, in which the active wire is mounted 
on a thin paper backing that can be cemented to thc 

FIGURE 12. Reco~d of strain gaugc nlour*ted on the gun 
barrel. 

The crystal accelerometer consists of a piezoelec1;ric d ~ ~ ~ ~ i ~ h ~ d  by A. C. Keller of the Bell Telephone ~ ~ b -  
crystal having its electrodes conn.ected to a capacitor. oratories. 
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sudace of the gun. For the purpose of measuring the 
expansion of the bore, these gauges were mounted so 
that the long dimension lay in n planc pcrpcndicular 
to the axis of the bore. 

Gauges of the other typc were made up directly on 
the gun, of 1-mil enamclcd Advance wire, one or two 
turns of which were wound around the gun and ce- 
mented to hold them in place. The principal advan- 
tage of this second type of gauge might be that its po- 
sition can be determined more precisely because i t  oc- 
cupies only 0.00 1 in. of thc length of the gun, as com- 
pared with 0.16 in. for the C-1 gauge. This mas not a 
practical advantage, however, because the effects of 
the gun jacket on the strain records make i t  unneces- 
sary to know the linear position of n gauge more 
accurately than to 0.3 in. 

These strain gauges 11-ere used also for measure- 
mcnt;s of band pressure during rounds GI through 77. 
Tangential and axial strains were measured a t  90 in. 
and a t  1.2:1..2 in. frorn the muzzle. Measurements of 
strain mere madc on the 37-mm gun. 

An important linlitation of the strain-gauge meth- 
od, as i t  conccrns the 3-in. gun, is the fact that inl- 
portant parts of the gun tube are covered by the gun 
slide and the locking ring. The records obtained shov~ 
that if i t  were possible to locate the strain gauges 6 in. 
apart all along the barrel, the signals from all of them 
could be rccorded on one film. The connection of 
several strain gauges to a single oscillograph requires 
special design of the electric circui$s.ag 

'.*.ll Solenoids for Projectile Velocity 
on Range 

Tha method used for determining the velocity of 
the magnetized p~.o,iectile after ejection is a modifica- 
tion of the camera-chronogri~ph mcthod described in 
,4l-?ny Ordnancl: Proof d4a . r~ual .~~~The changes consist 
in making the record I\-ith a catthode-ra,y oscillogrsph 
instcad of a galvanometer, and in passing the k i n -  
sient currents from the solenoids through suitable 
mixing circuits so that other phenomena can be re- 
corded on thc same oscillograph trace. 

Each solenoid, of nc)nrinally 30 in. diameter, con- 
tained 7 layers, of about 3.5 turns per layer, of No. 26 
AWG cotton-enamel magnct 11-iro, impregnated uith 
insulating varnish. and baked. Each solenoid was 
rigidly supported by a I\-ooden frame mounted on one 
of the concrete picrs of the range. In the earlier stages 

450 St.; later, two more were added, one 50 ft, the 
other 500 ft from the muzzle. 

In a few of the later rounds two solenoids, 10 in. 
in dinmeter were used. With these solenoids thc same 
dcflcution oI the trace was ot)taint:d with the impor- 
tant advantage of considcrably fcwcr turns and hence 
much less inductance. 

In Figure 5, the second curve from the bottom of 
(A) slio~vs the formof the recorded signal produced by 
the passage of the magnetized projectile through a 
solenoid. 

4.4.12 Gauges for Powder Pressure 

Resistance gauges \\-ere usually used to measure 
powder pressure. In  one form of these gauges the 
longi.tudina1 compression of 3 piston by the powder 
pressure changes the resistance of a winding of fine 
\\-ire cenieoted to the piston. This winding is prefer- 
ably applied so that the reflexed wires are parallel to 
the axis of the piston, as shown in Figure 13. In this 
type of gauge the effect of the pressure is to decrease 
the resistance of the winding, the relation between 
pressure and decrease of resi.stance being closely linear. 

of the investigation four solenoids were used, thcir F,,,,, 13. ncsistancc gauge tor powder prcssur.e mea5- 
distances from, t,he rnuzzle being 100, 200, 350, and rncmcnt;~. 
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Gauges with the winding applied as a helix around 
the piston, aaae easier to construct but so much less 
sensitive that a prenlnplificr was required between 
the gauge and the oscillograph. In  this type of gauge 
the resistance of the winding increases linearly with 
the applied pressure. 

In a third type of gauge, used for lower pressures 
(that near the muzzle and in the recoil cylinders), the 
pressnre to be measured is applied to the inside of a 
thin-walledsteel tube having an external helical ~virind- 
ing. These gauges were calibrated by applying n. 
known load to t,he piston and meas~1rin.g the change 
of resistance of the minding. 

In t,he early stages of the investigation somc use 
was mad? of picaoclcctric pressure gauges also. After 
round 19 it was found expedient to use the resistance 
gauge exclusively because of its greater ruggedness 
and convenience in calibration. The records obtained 
from the resistance-type gauges and thc piezoelectric- 
type gauge may he compered t)y rcfcrring to Figure 
47. of NDRC Report No. X-229.3Y 

'"-lS Radiation l'yrorneter for the Measure- 
ment of Pow-der-Gas Temperature 

The method of measuring the temperature of the 
powder gas is givcn in Scction 2.5.5. Both t,hc two- 
colol* pyrometers and singlc-color pyrometers de- 
scribed in Sec,tion 2.5.4 mere used. The single-c:olor 
pyromctcrs required less recording apparatus than 
the t~v-o-color. At least two oscillographs and their re- 
corders were required for each two-color pyrometer, 
whereas a single oscillograph and recorder sufficed for 
the single-color pyrometcr. In any given round, the 
number of locations a t  which tempcraturcs were re- 
corded was usually limited by thc number ol oscillo- 
graphs available. 

4.4.14 Microwave Interferometer 

The motion of the projectile in thc bore has been 
studied by means of a microwave interferometer,'08 
with which the distance from the projectile to the 

NOTE 0 
R; INDICATES THE RECEIVER R2 

TURNED THROUGH 90' TO SHOW 
I 

Fravnb 1.4. The radiator (lXl) and recciver (Ra) of the microa-sve interferometer, with their antennas (A1 and Az), attached 
to  thc muzzlc of a gun. 



INSTRUMENTATION 93 

FIGUI~E 15. Oscillopr~ph trace of ~rricrowavc intjerferonletei,. 

muzzle is meaaurcd continuously by rehected elecho- 
1nagneti.c waves several centimeters in wavelength. A 
beam of radi~ltiorl is directed across the muzzle from 
a simple radiator, R,., t,o an identical receiver, Rz, 
shown in Figure 14. and A2 are antennas. Part of 
Lhe beam enters the gun and travels do\\~n to the 
projectile; hereit is reflected f~lldreturns to the muzzle, 
\\-her(: i t  is picked up by the receiver. IS itt this point 
the reflecl;ed wave is in phase with the direct \rave, 
the rcccivecl signal is a maximum; if it is opposite in 
phase the signal is a minimum. Thus while the pro- 
jectile is moving along t,he bore the signal passes 
through a scries of maxima and minima aa the path of 
t,he reflected beam is shortened. The signal iron1 the 
receiver is demodulated by a crystal detector and 
applied to an oscillograph. Figure 15 shows a sample 
of the resulting record. 

The calibration of the nzicrowavc i~~terferometer 
was done by placing the project,ilc rnanually at  defi- 
nite positions in thc gun and reading the deflection of 
the galvanometer in the receiving circuit. This \\-\-as 
done i ~ i  steps of 0.01 or 0.02 ft, from :in arbitrary refer- 
ence point. The abscissa at  each nlaxirnum and mini- 
mum of the oscillograph trucc obta,inea in r L  firing 
gave thc time of arrival of the projectile ut a position 
which is given by thc abscissa at  the corresponding 
m~ximum or nlinimliln of the appropriate calibration 
curve. Addit,ional points were also obtained at  inter- 
nzcdiat>e p ~ i n t ~ s ,  especially near t,he start of motion. 
From the positions of the maxima and minima about 
70 vplues of position and of time \\-ere obtained. 

I t  is essential, both in calibrating ant1 in firing, that 
the srtme sending 1v:~velength 2nd the same type of 
projectile be used. The shapc and structure of the 
projectile nose modify the niavefornz of the detector 
current, the \\.avefonn bcing part,icularly influenced' 
nea,r the beginning ol travel and as the proje~t~ile 
appr~ac~hes the mnzzle. 

The use of the micro~vavc interferometer requires 
that t,he generator wavelength be \~it,hin the limits 
2.621- and 3.42?., \\.here 1- is the radius of tllc bore of 
the gun:46 hence t,he n-avelength used was nearly 10.5 
cin for the 3-in. gun and 5.0 cm for t,hc 37-mm gun. 
Outside of these limits, more tthan onc rnode of 1-ibrs- 

The interferometer method assumes tha,t, the posi- 
tions of maxima and minima are tthe sa,me when the 
gun is fired as they were during the prcvious calibra- 
tion: Hen-ever, when the gun is fircd, the gas that is 
being pushed out of the bore by the projectile is high- 
ly compressed and may include solne ionized pomde~: 
gas that has leaked past the projectdle. Consequent,ly, 
the dielectric constant may differ ~ignifica~ntly from 
that of empty space, and thc po~it~iorjs of the maxima 
andminimalnay beshift,cdsome\\-hat. Themicrowave- 
interferometer values were checked aga,inst barrcl- 
contact va,lues and the agreement was always within 
0.02 ft,. 

4 - 4 3  Optical Ejectioiz Ilidicator 

An optical system was arranged to send a beam of 
light pe~.penclilicular to the axis of the gill1 and to focus 
it on the axis a fern millimeters in front of the muzzle. 
This beam \\;as collected by a lens on the opposite 
side of the n~uade  and illuminated the scnsitive sur- 
face of a photoelectric cell. It 1 ~ : ~ s  expccted that, when 
the nose of the projectile cut the bealn at  the focus, 
the light 11-ould be cut off from the photoelectric cell, 
causing a deflection on the recording trace and indicat- 
ing the instant of ejection. T - T o ~ ~ ~ T - P ~ ,  i t  was fohnd 
that smoke or other obscuring gases prcc,cding tfhe 
projectile gave a false indication oi' ejection. I t  was 
discovered in the records on the 37-lilm gun that a t  
the time the base of the projectile n-as ejected, the 
light from the hot gases produced :a very sharp de- 
flection of the rccord from the photocell. 

4.4.16 High-speed Cameras 

The snloke snd flash were pl~;t~graphed by t\vo 
types of cameras. One was a high-speed movie camera 
run at  a speed of 3,000 pictures per second. Thr other 
camcra \\-as one in 11-hich the film was mounted on a 
rotating drum and which had a set of shutters of the 
focal-plane tfvpe undcr s roll. of lenses. :I second shut- 
ter opened in synchronislli with the firing of the gun. 
S~lccessive picturcs of a point n-ei.c about 3.5 in. 
apart on the fill11 and the time betw-cen pict,ur.es waa 

tion appear, and thc pattern is no longer simple. a'ppro~imat~ely 2.5 msec. l'he luolrie canma made 
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more pictures per second than the drum camera but has a range of about 90 cm longitudinal motion. TWO 
had to be brought from rest to the correct speed a t  long glass plates for holding the film, illuminatedfrom 
the correct time to record the desired event, which below by a green fluorescent light, are set about B cm 
made synchronixing difficult. It also required intense below the carriage and parallel to it. On the carriage 
illumination. The drum camera was more easily itself are the observing microscope, supported on a 
handled and did not require as intense illumination Gaertner micrometer slide, and an auxiliary micro- 
as the movie camcra. scopc moved by a micrometer screw-. The slide has a 

range of 10 cin and a precision of 0.001 cm. A11 cross- 

4.4.11 Plashmeter 

The flashmeter used to measure the intensity of tlze 
muzzle flash consistedot'a radiation pyromctcr mount- 
ed on the end of a 2-in. tube. The pyrometer is thc 
same as used for the measurement of gaseous radia- 
tion from the powder chamber. The tube was pointed 
a t  the point where i t  was desired to measure the flash 
intensity. 

- 

wise distance measurements were made with it. 
Running along the top of the comparator frame is 

a scale, 100 (:m in length, divided in millimeters. It is 
not a precisiorl scale, but ismore than accurate enough 
to give the position of the carriage to the nearest 
millimeter. Below the carriage, in a position such that 
the auxiliary microscopeon the carriage can be focused 
on it, is an Invar meter bar inade by the Geneva 
Society, divided in millimeters and accurate to within 
0.0003 rnin a t  20 C. The two scales are rectified by 

4.4.1~ "h1icroflash" Equipment setting the carriage approximately on a millimeter 
division mark on thc top scale, setting the cross hair. 

The "Microflash" apparatusu and cameras were 
placed insidc a snlall hut which had pipes about 14 in. 
in diameter extending 18 in. outside in the direction 
of fire. The projectile passed through the pipes and a 
microphone actuated by the bow wave of the projec- 
tile triggered the microflash when the projectile was 
in the center of the hut. The shutters of the cameras 
were opened when the gun fired and remained open 
until the projectile had passed. 

4.4.19 Comparator for Distance 

Measurements on Films 

The data obtained in a firing are recorded in the 
form of a set of oscillograms from which the times of 
all events and the magnitudes of certain events must 
be determined. The time coordinate is determined by 
making distance measurements along the length of 
the film and interpolating between the timing pulses. 
Distance measurements made a t  right angles to the 
linc of motion of the film give values of those quanti- 
tics for which there is a continuous rccord. Both ol 
these lciads of measurement are made with a corn- 
parator. 

The comparator consists of a heavy metal frame 
about 120 cm long, 30 cm wide, asd 30 cm high, on 
which a traveling carriage rests at, an angle of 45" 
from the horizontal. The carriage, driven by a screw, 

Made by the General Radio Company, Cambridge, hfassa- 
chusetts. 

of the auxiliary microscope on x millimeter division of 
the meter bar and then, while holding the micrometer. 
screw fixed, turning the micrometer scale (which is 
held by a friction clamp) until the zero mark of this 
scale coincides with its fiducial murk. The scales re- 
main sufficiently well in alignment over the entire 
length of the film so that there is no uncertainty. 

Thc micrometer screw attached to the auxiliary 
microscope has a pitch of 1 mm, and its head is divid- 
ed into 100 divisions. Thus the longitudinal position 
of the observing microscopc is given to 1 mm by the 
top scaleand to 0.01 mmby thereadingof the microm- 
cter screw when the cross hair of the auxiliary micro- 
scope is in coincidence with a inillimeter division of 
the meter bar. Although fractions of a hundredth of a 
millimeter could be estimated on the micrometer 
screw, the error of setting th.e cross hair on the divi- 
sions of the scale may be as much as 0.01 mm. 

4-4.20 Protractor h r  Di.fferentiatin.g Curves 

The in~t~rulnent shown in Figure 16 fruhnishes a rap- 
id and simple method for graphical differentiation. 
A steel prol;rrtct,or, divided in degrees with a vernier 
reading to 5 min, is equipped with a gear for slow 
motion. It is attached to the straightedge of a draft- 
ing machine. The shet:t carrying tthe carve to be dif- 
ferentiated is placed on the drawingboard so that the 
axisof abscissasis parallel to the straightedge. The ten- 

ter of the protractor circle is placed at  the point where 
the slope is required. The protractor is then turned 
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means of a wire stretched coaxially within the bore 
of the gun from tfhe nose of the projectile to the muz- 
zle and picked up by a "collector cup" on the nose of 
the projectile. By making electrical contact with the 
projectile in this way, many types of measurement 
are possible, for any phenomenon associated with a 
projectile that can be converted into an electrical sig- 
nal may be measured. 

The si~nplest application of this technique was to 
measure the displacement of a moving projcctile by 
measuring the change of resistance of the wire r~s  its 
length became less. This {+-as done by recording with 
an oscillograph the variation of the voltage across the 
ends of the wire while u snlall constant current was 
passed through it. h lead lining in tho collector on the 
nose of the projectile Was found to be necessary for 
maintaining good electrical contact. The oscillo- 
graphic trace showed fluctuations in the resistance of 
the contact between the projectile and the bore sur- 
face before the rotating band was engraved. 

An apparent decrease in the resistance of the mire 
a t  t,he beginning of motion of the projectile was 
attributed to heatting of tthe wire by powder gas that, 
had leaked past the projectile. Several methods were 
undertaken to improve obturation. One method pro- 
vided, to a degree, an, initial seal which was effective 
only until the band was engraved. I t  consisted in 
spinning up one or more skirts of metal from the band 
with a cutting tool. Thus modified, the projectile had 
to be forced home in loading. The spun skirts gave no 
added obturation after the band passed through the 
forcing cone. Thmther method for improving obtura- 
tion was the use of the Bridgman "unsupported-area 
pressure seal," referred to as a "hydraulic obturator." 
Various combi,nations of the two methods of obturn- 
tion were tried; the most efl'sative \\-as found to be 
the hydraulic mcthod in combination with two skirts 
spun up on the band. 

With this bcst method of obturation, various kinds 
and sizes of wires were tried, in particular those kinds 
having a low temperature coefficient of resistance. 
It was found that No. 34 manganin wire gave the 
best-appearing traces. The magnitude of the overall 
error in  .measuring the displsccment in the 20-mm 
gun mas estimated as + 3.2 cm. For comparison, 

i 

measurelnents were made using the microwave tech- 
nique,~ for which the error was found to be less than 
one-third as large. 

4.5.3 :Piezoelectric Crystal. Gauges 

The wire-in-bore technique described in the pre- 
vious section made i t  possible to obtain a signal 
from a piezoelectric crysttal gauge located in a pro- 
jectile and subjected tto various forces associated wit)h 
the motion of the projectile in the bore of a gun. Such 
gauges were developed for the lneasurement of accel- 
eration, base pressure, and bore f r i ~ t i o n . ~  

The chief difficulty in making these gauges w-as in 
designing the component parts small enough to fit 
into 20-mm projcctiles and yet strong enough to with- 
stand the high acceleration (100,000 g) to which they 
were to be subjected during firing. Thus in order to 
reduce crystal breakage i t  was possible to useonly one 
cryst,al, although a stack of three m-ould have bcen 
preferable as far us the strength of the signal was con- 
cerned. Mechanical refinements had to be introduced, 
such as bdl-and-socket joints to equalize the pressure 
over the surface of the crystal. 

The gencral qualitative results obtained by the use 
of the crystal gauges may be briefly stated as follows. 
The signal traces obtained from the three types of 
gauges were consistent in shape during the first one- 
third of the travel time. The last part of the trace was 
anomalous in all cases; furthermore, the anomaly was 
not consistent in size or in shape. Special experiments 
showed that this part of the sknul ~ v a s  associated 
with the leakage of ionized propellant gas past thc 
projectile as i t  traveled through the bore. No effective 
way was found to reduce to an insignificant amount 
the spurious signals from this cause. For the first 
fourth of the travel of a 20-mm projectile thc maxi- 
mum error of the acceleration gauge amounted to 
f 10 per cent, that of the base-pressure gauge f 5 to 10 
per cent, and that of the bore-friction gauge f 10 to 
20 per cent for starting friction and + 40 to 60 per 
cent for running friction. 

Prcliminary experirnent~s45vith some 3-in. projec- 
tiles fitted with crystal gauges and fired from the 

The microwave interlerometer described in Section 4.4.14 
was an outgrowth of art app~~r .~~t ,us  developed as part of this 
project for measurement of the displacement of a projectile in 
the bore of rt 20-mm gun.46 After the possibility of suck a 
measurement had becn suggested by Dr. T. H. Johnson of the 
Ballistic Research T~aboratory, Aberdeen Proving Ground, 
parallel development of apparatus for the purpose was ce,rried 
out there a,nd by nivision 1 at  the Geophysical Laboratoly. 
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3-in. gun at  Carderock showed that the lcakage of of the travel the maximum uncertainty was estimated 
pun-der gas past the projectile was cqually as sel-ious to be of the same order of inugrlitude as for the 20-nlm 
as in the 20-mm gml. The record was unreliable dur- gun. Most of this uncertainty was caused by pis 
ing the last 4 msec of tl.:~vcl time, that is, after the leakagc. 'l'ln~s these gauges arc nol satisfactory un- 
projectile had travcled 50 rm, which is only about less some more effective means of ohturation can be 
one-seventh the length of travel. During the first part fomld. 



Chapter: 5 

HEATING OF GUNS DURING FIRING 
By H. L. Black. and G. Comenetzh 

5.1 INTRODUCTION 

I N ATTACKING the problem of hypervelocity, the 
direct approach would seem to be that of increasing 

the energy of the powder charge. This could be done 
quantitatively by increasing the amount of powder or 
qualitatively by using a powder with higher potential. 
The limitations of the former method are well known. 
When thc latter method is used we encounter higher 
flame ternpcratures, and the resulting temperature of 
the gun bore surface becomes seriously high. If we 
combine with this increased flame temperature the 
high rates of fire maintained in automatic weapons, 
the question of heating of guns during firing iscritical. 
The thermal effects are an important factor in erosion 
and in addition lower the tensile strength of the gun 
metsl. Division 1 was therefore interested in the 
study of the heat input to the gun, the distribution of 
heat in the barrel, the temperature of theboresurface, 
and in methods of gun cooling. 

As a result of these studies, our know-ledge concern- 
ing heat input from a single round, input from a burst 
or a series of burets, temperature attained by the bore 
surface, critical tcrnperatures in firing, and methods 
of cooling has been greatly e~t~ended.  The application 
of this knowledge in the development of improved 
inachine gun barrels by lining or plating them has 
been of definite value and will aid in the design of: 
future hypervelocity guns. In particulai, these tem- 
perature investigations show that to combat the 
effects of heat input we must look to the develop- 
ment of dloys with physict~l qualities which will make 
them satisfactory as liners or coatings for the bore 
surface a t  tenlperatures above the melting point of 
steel. The search for such alloys is reviewed in Chap- 
ter 1 G .  

A better understanding of the heat input from 
band friction and its combination with that from 
powder gases is to be desired. Similarly, the effect of 

'Technical Aide, Division 1, NDRC. (Present >~,ddress: De- 
pal1t;rnent of Mathematics, Michigan Statc Colleae, East Lan- - - .  

sing, Michigm.) 
b Mathematical Physicist, Geophysical Laboratoly, Carne- 

gie Institut,ion of Washington. (Present address: Westinghouse 
Research Laboratories, East Pittsburgh, Pennsylvania,.) 

thermal stresses taken in cornbinntion with band and 
powder pressures should bemore completely analyzed 
as an aid to the designer. We may expect improved 
experimental methods of measurement of the bore 
surface tempcrature. Finally, methods of cooling 
under service conditions certain1 yneed to beimproved. 

6.' HEAT INPUT TO THE BORE SURFACE 
6.2.1 Magnitude of the Energy Loss 

A complete analysis of thc distribution of the 
energy of the charge is given in Section 6.5. Here we 
are particularly concerned with the percentage of the 
energy expended in heating the gun; for purposes of 
comparison, however, i t  is convenient to compare this 
with the kinetic energy of the projectile a t  the muz- 
zle. It is customary to consider heat transferred to the 
cartridge case as going to the barrel. 

ExperimentshlB as early as 1870, in, which rifles us- 
ing black powder were tested, indicated that from 
31.7 to 39.3 per cent of the tot,al energy of the powder 
was absorbed by the barrel. A later i n v c s t i g a t i ~ n ~ ~ ~  
with guns paveaheat input ranging from 4.2to 17 per 
cent of the powder potential. The energy balance for 
one shot fired in a rifle has been determined in a series 
of carefully controlled 

Since 1936 a number of rneasurements and calcula- 
tions of energy distri,bution have been made. Table 1 
presents the results obtained by a number of experi- 
menters for various guns. In  Tables 2 and 3 are given 
calculated values for typical guns in a similar rwge 
of calibers. 

These tabular percentages do not, of course, repre- 
sent results which are cornpletcly comparable. The 
powders used vary; however, for the larger guns, all 
powders have fi:ime temperatures close to 2500 'K. In. 
Section 15.5.3 it is shown that heat input is a linear 
function of the flarne temperature of the powder in a 
caliber .50 gun. 

The data available are too limited to draw :L valid 
conclusion as to the functi0n.d relationship between 
caliber and heat input,; it is, however, apparent that 
ax caliber increases, the percentage of the powder po- 
tential transformed into heat decreases. This is in line 
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T-~BLE I. Percei~t~age of energy of po\\-der lost by hceting of grin c.oinpared to that acquired ky the projectile measrircd 
for various guns. - - .-.- - "- 

Chl .30 Ca1 .50 bI(:182~18a 3-in. AA, h1317" 3-in. 
rifle4Lo ( 1 )  (2) (1) (2) Navy", gun 

- -. -. 

I<. E. of projectile 33 
Heating of gun 22 
- 

.\iotr. Cnlihcr .SO RIG: (I)  water-coolcd burel  fircd \vithout wntcr-cooli~~g jacket; (2) ~ i l . - ~ ~ o l c d  heavy lmrrcl. 
Three-incl~ i\;Z. 318: (I) with Pyro r~owdcr: (2) wit11 XH posder. 

T.~RLK 2. * Perceritage of erlelgy powder lost by heating 
of gnu comparerl to that ttcquired by the projectile- 
cltlcul~t~ed for U. S. 
P,. 

Gun Cn1 .50 37-mnl 3-in. 1.7-in. 8-in. 16-in. 

K.E. of projcctile 29 32 23 27 25 26 
JTctltina of run 18 14 8 8 7 3 

*Compare Tahlr 2 of Chaptor 3 \vhiclj ,ci\.ca for thasc same gu~rs corrc- 
sl>nndimf ~al i lcs  for tlre hcnt loss jubt to tho time of cjcctioa. 

TARLE :3.* Per~etitt~ge of energy of pol\-dcr lost by hcxt- 
ing of gun compared to t,hltt acquired hy the projcctile- 
calc~~lltted for British guns.a48 

-.-", -- ,, ,.- , 

2-pr. 25-pr. 8-in. 
(1.57 in.) (3.85 in.) h'lk. VIII  

Gurl S.C. Cordite, Cordite Cordite 

Propellant slotted tube \I7 .067 S.C. 205 
Travcl (calibers) 36.67 55.01 73.32 22.06 13.32 
K.E. of project,ile 20.7 26.9 31,l 11.8 40.3 
XTertting of gun 4.7 6.5 8.1 4.6 4.7 

* Thc ~ncthorl of cnlculatior~ is that desoribcd in Sectivll 5.4.1 ru~dar 
">lcthod uf Flicks, Thonrhill, r~nd W~tre.'' 

with the theory t ,hd nlost of the heat is transferred 
lrom a lair~inar layer of gases relativcly close to the 
bore surface, rather t,han l'roii~ t,he iliain gas stream, 
-\vhich occupics a larger percentage of the total volume 
in larger guns. 

Sources of Heat Input 

Studies of the causes ol heat input tfo the how sur- 
fa,cc are numerous in ballistic l i t e r a t u ~ e . ~ ~ ~ , ~ ~ " ~  The 
somces may convcnjently I;)e classifisd as follou-s: 
(I) radiat,ion from the hot PO\\-der gases; (2) input 
froin gat; leakage past the rotating band; (3) heat, of 
eogrn.ving and frict,ion; (4) transt'el. from t.hi gczscs in 
a laminar Inycr near the bore sllrf~ce. 

R.adiution is an unimportant scurce 01 heat input. 
In tlie heat t,rtmsfer equation, 

& = a ~ 1 6 2  (Tu4 - Ts4). (1) 

it has been shoynl"hat for a gas temper~tture of 
2500 K above that of the surface, t>he maxilnrlnl ratfe 
of tls;tnsfer is 53 cal per sq cm per sec. T ,  js the gas 
ten~perat~ure, T ,  the tmlperature of the bore surface, 
c1 and sz sre the emissivities, and a, has the vdue 
1.3: X 10-lkcal per sq cm per sec per fourth pc)n-er of 
the degree of temperature. At this rate the bore sur- 
face temperature ~vould be raiscd only about 36 
centigrade degree? duri~ig the firing of thevery lasgest 
guns. 

,-. 1 here has been a great deal of argulnellt as to the 
importance of rnechanical cffects as sources of heat 
inpuLc Thus as recent,ly as 1925 it was suggested on 
thc basis of extensive expcriment,nt,ion "that the 
lllnin source of heatling of thc bore does not lie in the 
transfer of he:it from the pol\-der gas to the \+-:ill of the 
barrel but in the nlechanical \\~ork (friction, cngrav- 
ing by t,he rifling, and so on) ~\ihich is converted into 
heat." This, hon-evel*, \\-as a minority opinion, and the 
re vie\\^ continued: '(It is to be hoped t,hg~t still further 
investigations m:iy be carried through in order t,o 
solvc the int,eresting question :LS to the causes of thc 
ha t ing  of the bore." 

With this in mind, i t  was decided by Division I to 
make experimental dct;erminations of the heat input. 
from engraving and friction using new methods of 
mcasurement.'Because of the int,eresl; in pre- 
cngl.ax-ed projectiles (Section 27.31, a logical first 
approach seemed to be by a conlparison of thc 
input with ordinary and with pre-engraved pro- 
jectiles under other\\-ise identical con.ditions. 

First measurements were hlade by t.hs calorimetl.ic 
ring method described in Section 5.4.3, and an early 
report stated, "Preliminary results sho\v only 1it.tle 
\-ariation in the dierence of heist input values for 
standard ancl pre-engraved R12 bullets ineas~lred at  

Opiuions of some of the writers \\-ere surnmnrized by 
~ r a l l e , l . l l ,  50" 
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the forcing cone against values of that difference 
cletcrmined in back of the origin of rifling, thus indi- 
cating that the heat of engraving i.s rather small com- 
pared with the total heat input to the borc." Later 
nlea~urernent~s during firings supported this position, 
but it was considered advisable to attempt a direct 
determination of the heat of engraving and friction. 

For this purpose a falling-wcight apparatus was 
devised. A heavy carriage dropped from a maximum 
height of 64 ft struck s piston which in turn fcrced a 
bullet, through an "engrhving ring." This was a short 
section of :1, caliber .50 barrel placed vertically and 
supported by a hollocv metal cylinder. The ring acted 
as a oa1orimet.e~; from its rise in, temperature the heat 
input from friction and engra,ving was calcultited. 
Formulas due to Jaeger. w-ere used to extrapol~tte to 
velocities of the order of those attained in actual 
firings. The results i.ndicated an input for ball bullets, 
M2 of approximately 1.3 cal/cm2 near the begir1nin.g 
of travel, decreasing to 0.6 cal/cm3o~va.rd the muzzle. 
This value compares with a total llcat input during 
firing of the ordcr of 10 cal/cm2. 

For reasons which will be discussed in Section 5.4.4, 
this input does not, however, cause a very large varia- 
tion in the maximum bore surface tempcrsture. This 
seeming contradiction esplains the varying estimates 
of the contributions of engraving arid friction to heat 
input. One such estimate"' of their jmportance has 
been given as follows: "During t,he engravin.g of the 
driving band, a short section of the barrcl surface 
near th.e commencement of rifling may, a t  worst, be 
raised to the melting temperature of the band for a 
small time interval. Temperature calculations are 
made, including a liberal estimate of this heat trans- 
fer, but it is not found to produce sudden large in.- 
creases to temperatures above the melting point of 
the barrel, and in the 8-in. gun givcs an increase of 
only 200 centigrade degrees in the maximum surface 
temperature at  the commencelnent of rifling. This 
estimate is probably several tiines too great." This 
question of the effect of input frorn the rotating band, 
in combination with input from the gases, is discussed 
in Section 5.4.4. 

Frictional heat input will continue even after en- 
graving is considered complete. It is generally agreed, 
however, that this is relatively unimportant and t,hat 
it causes a negligible increase in maximuin bore sur- 
face temperatures. Friction does, however, add ap- 
preciably to the strains upon the gun.39~G5,11"t is aleo 
important to consider the melting of the xnetal of th.e 
rotating band,sG which causes coppering of the bore. 

Even here the effect is not so great as night  be ex- 
pected becausc the higher diffusivity of the colnmon 
band materials tends to more than counterbalance 
the lower melting point,. Thir is brought out in the 
theoretical discrxseion, in Section 6.2.2. 

By assuming that the rottating band in a 37-mnl 
gun, M3 rises to a maxilnurn temperature 100b cen,ti.- 
grade degrees above the temperature of engraving, a 
coefficient of friction of 0.03 was Based 
on this value, curves for rates of heat generation and 
conduction were plotted ageinst time, ~ n d  for heat, 
transfer.r.ed to the bore surface as a function of posi- 
tion in the bore. I t  was corlcluded that conduction 
into the bore reached a rnaximurn slightly above 2 
cal/cm2. 

TRANSFEI~ FROM THE G-AXES IN A LAMINAR LAYER 
NEAR :I'H:I~  SURFACE^ 

This bri.ngs us to the consideration of the source of 
input now generally considered the most important, 
transfer from the hot powder gases. The powder gascs 
rush past the bore surface a t  s velocity of tb.e order of 
1,000 fps, and heat is translcrred by forcedconvection. 
For l;he gas flow we may use the t'heory for an incom- 
pressible fluid; this is justified on the basis of experi- 
ments4" that sho~vecl that the shearing stress on the 
wall of a pipe (or gun) is the s:tme for compressible as 
for incompressible fluids at  the same Reynolds num- 
bers. 

If n.owwe consider the motion of the gases as turbu- 
lent, i t  nevertheless is true that the velocity near the 
walls rcmsin.~ laminar, althoi,~gh. with a large gradient. 
At some distance 6 from the walls, the velocity ap- 
proaches its midstream value ; and although the value 
of 6 is not sharply defined, this larninar layer is rc- 
ferred to as a film.,The film thickness and, hence, the 
rate of heat transfer depend on t11.e condition of the 
bore surface. 

The heat transfer coefficient h may be defined by, 

in, which Q is the actual rate o.F heat transfer, >)-llilc Tg 
and T ,  are, respectively, the temperature of the pow- 
der gas (beyond the larninar layer) and of the bore 
surfact?. The aim of the hydrodynamic analysis is to 

dA standard work on heat transfer is that of McAdams;iU 
for related hydrodynemic problems, Cold~tein~~~ may bc COII- 

sulted. Fundamental theory discussed m these works 1s referred 
to in NDRC Reports A-87, A-201, and A-262. The following 

= discussion i s  based largely on thcse three reports. 
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evaluate h in terms of the statc of the gas and the con- 
dition of the bore surfa,ce. Bccause i t  is difficult to 
specify thelatter precisely, thst  is, to define the de- 
gree of roughness of thc particular mall, no purely 
theoretical formula can be given. ~ i t h  perfect confi- 
dence. h productive p r ~ c e d u x e , ~ ~  l-lo\\rever, has been 
to obtain an expression for h with one adjust,able con- 
stant that is related to the rougl-mess of the v-t~ll; and 
to calculate fro111 the observctl heat transfer a t  var- 
ious posit,ionis in various ~ U I I S  an empirical value of 
this constant that nli,ght bc applica.ble to thc bore 
surface of all guns. This procedure has proved fairly 
successful, because the heal; transfer coefficient is not 
very sensitivc to minor variations inroughncss. Meas- 
urements of the frict,ion >i-l-len water flowed through 
rifled and unriflecl caliber .50 barrels showed that the 
presencc of the rifling made only a ncgligible cliffer- 
en vc. lo5 

The fundaniental hydrodynamic espression for h 
(expressed in calories per sclusrc centimet'er per scc- 
ond) is given by 

h = +XcPpU (3) 

where c, is the specific heat, p the dcnsity, U t,he ve- 
locity of the pow-dcr gas, and X is an empirical con- 
stant, the frict,ion factor or Ii'anning coefficient. X is 
related to the bore diamet,er and to B roughness para- 
meter r, -vvhich mcnsures the averagc size of the irreg- 
ularities on the bore surface. Different expressions of 
this relationship are req~~iretl  if the surface is hydro- 
dynamically "smooth" (1- < cm), or "rough" 
(1- > cm). The lattcr condition almost c~rt~ainly 
applies in guns. 

The application of equation (3) to the calculation 
of bore surl'ace t,emperatures and heat in.put is dis- 
cussed in some detail in Section 5.4.1. The prcfcrred 

of the most careful measuremcntsi1 of heat 
transfer near the origin of bore of a caliber .50 barrel 
leads to the value of X given by 

where R is the calibcr of the gun in ccntinleters. 
In  some conlputations, described in Section 5.4.'1, 

equation (3) has been simplified. Using an average 
ballistic value for c,, and expressing p in t21c con- 
venient units of grams per cubic centimeter, and U' 
in 1,000 fps, 11-c have for rough pipcs, 

For smooth pipes, h may be evaluated in terms of 
Tublcx of the dependence have been given,12 and 

the results may bc approximat,ed to yield 

These last tw-o ecluations are probably not so ade- 
quate as the empirical expression (4), although the 
results to which t,hey lead, as described, in Section 
5.4.1, do not differ greatly. 

Most of the calcrrlations of bore surf:icc t,cmpera,ture 
and of heat input, includiug the onc irom which 
equation (4) was derived, havc bcen based on the as- 
sumption thiit input from sources othcr than transfer 
from the gases was relatively unimportant. Actual 
input as deterlliined by measurements by tl-lermo- 
couples (Section 5.3) give approximiltc fignrcs for the 
transfer at  various po~it~ions along thc brtrrcl and 
therefore may be used to check thc assuniptions. It is 
perhaps significant tha,t in the cases of the 37-mm 
gun, T4T ftnd the 3-in. gun at  Carderoclr, described 
in Chapter 4, the experimental results sho\\r a slightly 
greatcr decrease tow-urd the lnuzzle than was calcu- 
lrtted by the methods of NDR.C report 11-262.4" 

For example, in the 3-i.n. gun, near the origin of 
rifling, the experimental r e s ~ l t s l ~ " ~ ~ ~  indicate an in- 
put, using t~vo  differen.t mcthods, of 25.8 and 26.7 
cal/cm2, whereas the cslculated input was 24.6 cal/ 
cm2. Nearcr the muzzle, however, thc calculated in- 
puts were from 20 to 30 per ccnt higher than those 
observed. In the case of the 37-nlm gun, T47, using 
FNH-M5 ponder and firing 1.02-lb projectiles with a 
muzzlevelocity of 3,600 fps, the measured inpr.tt near 
the origin averaged 23.5 crtl/'cn1%s cornpared wit11 a 
calculated value of 24.6; ~\-hel.eas \vith the cooler MI 
powder the actual results \\-ere 1G.4 cal/cm2 as 
against a calculated value of 14.1. Again, nearer the 
muzzle theobserved values fell belo\v those calculatecl.. 

These results constitute good confirmation of the 
general methods employed in calculating the heat in- 
put to the bore surface. The divergences between 
theory and experiment may be due to several cauees. 
Neglect of th.e frictional contributions to the heating, 
both in the standard gun from which equation (4) 
was derived and in other guns, ~vould lead to diver- 
gences of the order of 1, to 2 csl/cm" if the frictional 
heat varies relative to thc total heat; the ratio of 
frictional to t o t d  heat is certainly greater near the 
origin. The situation is further confused by the fact 
that the theoretical basis of Nordheim's tables in- 
volves the tot,al heat transfer f rom th,e gases, whereas 
the empirical calibration factor that is used to derive 
equation (4) invol~-es thc t o h l  transfer from the 
gases, friction and all other causes. 
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Variations in surface roughness sufficient to cause 
variations in heat input may occur between guns, and 
even a t  different points along the bore of the same 
gun. Finally the actulal b:~llistics n1s.y differ from 
those assumed in malring the calculations; for ex- 
ample, the theory takes no account of a possible 
tcmperaturc gradient in the powder gas down the 
barrel, such as has been observed (cf. Section 6.5.1). 
It is clear that although the fundanientaiconcept that 
heat transfer is principally due to forced convection 
is soundly based, a much greater body of experi- 
mental data is necessary before we can specify thc 
reliability of the results to a degree \vLich will enable 
us to scparute the effects of the vaaious factors. 

5.3 METHODS OF MEASUREMENT OF 
HEAT INPUI? 

5.3.1 Overall Calorimetric Methods 

The early attempts to measure heat input were 
largely of a direct cdorimetric type. One investi- 
gatorhl,%easured the rise in tcrnpnatur.e of mercury 
with which the bore of a rifle was filled; from this rise 
the heat input was calculated. Tn a later experiment442 
the hot gun barrel was put in a water bath. 

This method was also employed in a, more precise 
det,ermination d e s ~ r i b e d l ~ ~ ~ ~ ~  aas follows: "The barrel 
of the gun.  . . was surrounded by a --thin-walled 
cylindrical sheet-metal jacket of about 4.5-cm dia- 
meter, extending fro171 the muzzle almost to the 
breech . . . during the firing, gun and metal jacket 
mere enclosed in a wooden box. The jacket was filled 
with 1.2 liters of mater, so that the cntire barrel was 
in a water bath. A stirring ring was moved up and 
clown in thc mater. The water equivalent [thermal 
capacity] of tthe whole arrangement wa,s obtained by 
passing stcam through it." 

I t  has been pointed o ~ t ~ ~ ~ , ~ ~ ~  that a rough determi- 
nation of input is possible \+-it11 the aid of a machine 
gun having a cooling jacket; but the hypothetical ex- 
ample given mas based on the assumption of constant 
input per round. This  neth hod n-its applied47h to a 
Maxim calibcr .30 q.f. ri.fle, with the lollowing re- 
sults: "If this quick firing rifle be originally at  about 
G O O F  it will boil w ~ t e r  after firing about 600 rapid 
rounds in about 1% min.; i t  will then continue to 
evaporate water a t  the rate of 1.x pints per 1000 
rapid rounds [about 2.2 rnin~t~ee]." Froln these data 
a heat transmission of 133,363 Btu per square foot 
of outer surface per hourh w\ias computed and it was 

concluded finally that the heat absorbed was nearly 
twicc the muzzle energy, The corresponding estimate 
of the maximum bore surface temperature, using 
Fourier analysis, was only 600 F .  

This method may be applied tto obtain the approxi- 
mate input in a water-cooled 40-mm Navy gun on 
which temperature measurements were taken. Inlet 
and outlet water temperatures were read for burets of 
50 and 1.00 rounds under almost identical conditions, 
and for a, 150-round burst with slight variation. Con- 
sistcnt results were obtained in the three cases. Using 
the first a s  an illustration, the burst was fired in 
25 sec; a peak temperature 25 centigrade degrees 
above the original was attained allnost immediately 
afterward. Equilibrium inlet and outlet temperatures 
wcrrc reached approximately 334 min later a t  a va111e 
14 centigrade degrees above the initial value. The rict 
input per round after this period of cooling is 6.0 
cal/crn%f bore surface; if i t  is assumed t,hat all the 
water reached i~laximum temperature, the aver.a,ge 
input per round is 10.8 cal/c~n? It should be re- 
marked that the reduction of input with successive 
rounds is not so great as in a, gun without water- 
cooling. 

In studiesMs"~l" at  Aberdeen Proving Ground of the 
heat transferred to thc cart3ridge cases of caliber .50 
machine guns, both air-cooled and water-cooled, the 
temperature rise of a ~luant~ity of water into which t,he 
cases were dropped during the firi.ng mas measured by 
me:tns of a mercury thermometer. 

5.3.2 Artificial Heating of the Barrel 

il natural approach to the study of heat input dur- 
ing firing is to reproduce by ol;her met>hods the trem- 
perature distributions that have been observed dur- 
ing firings. Such an investigation4" \was carried out 
udng a rifle barrel itself as a resistance thermometer. 
A shot was fired every 30 sec until a "quasi-stationary 
state" was reached, with an average barrel tempera- 
ture of 122 C. In the second part of the cxperiment,, 
an insulated rnanganin \+ire was passed through the 
barrel, and then heated by current from zl storage 
battery until an eequi.valent state was reached by the 
barrel. The input from the mire cvas ~alculat~ed, and 
f ron~ this the heat introduced by one shot ~ v s s  corn- 
puted to be 624 calories. This represented an avcrage 
input to the hot barrcl. 

A refinement of this method has been reported by 
British investigators.398 Rounds arc fired, at  a ]*ate 
such that a steady external temperature distribution 
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MATERIAL 

STEEL 
N0.4t50 STEEL 
STEEL 
N0.4150 STEEL 

CLOTH BAKELITE 
CLOTH BAKELITE 
N0.5565 FAtRPRENE 
DRILL ROD 
HARD RUBBER 
CLOTH BAKELITE 
N0.4150 STEEL 
NO. 4L50 STEEL 
STEEL AND BAKEL ITE  
N0.4150 STEEL 
COLD - ROLLED STEEL 
GOLD - ROLLED STEEL 
STEEL AND BAKELITE 
M0.4150 MOO ( U S  A -57 -107 -25 )  

NO. 
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5 
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12 
13 
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TIGVRE 1. Calorinlet,rie rings in gull. (This figure has appeared as Figure 1 in NDRC Report No. A 3 9 9 . )  

NAME OF PART 

GUN BARREL MODIFIED 
GUN BREECH 
SLEEVE 
RETAINING RING 

INSULATING GASKET 
SPACER 
PhCKING GLAND WASHER 
PACKING GLAND SGBEW 
INSULATING TU8lNG 
SPACER 
CALORIMETRIC RING 
NUT 
SCREW PIN 
BARREL SECTION 
I(8 IN.X 1/8 IN. KEY 
SPAClNG COLLAR 
SCREW PIN 
GUN MUZZLE MOO 

t l l l  

INCHES 

1 1 1 1 1  1 
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along the barrel surface is establisl-led and main ttained; 
this distribution is recorded by means of thermo- 
couples. An electrical heating coil constructed of a 
spiral of resistance tape on a refractory form is then 
inserted into the barrel. The spacing of the turns cf 
the tape is adjusted until the same steady external 
temperatures are ~bt~ained.  The electrical energy dis- 
sipated is measured. From these data, the hea,t trans- 
fer per unit area of the bore surface per round can be 
deduced. I t  sh.ould again be noted that this will give 
results for transfer to a "hot" barrel. The method is 
not satisfactory for points near the origin of rifling. 

5.5.3 Ca1orime.t ric Ring niIeth0d.7~ 

Several met,hods of heat input measurement have 
been developed for Division 1 by the Leeds and 
Northrup Company. In the first of these a tl-iermally 
and electrically insulate'd ring, cut from a barrel of 
the same caliber as the gun being tested, is set flush 
wi,th the inside of the bore, as shown in Figure 1. The 
ring must be thick enough to insure against mechan- 
ical delormation. Ather~nocoupleisaffixed to its outer 
wall, with wires leading to the outside of the baarel 
through thin bakelite tubes. These are sealed against 
gas leakage by neoprene washers compressed by 
metal plugs. Fluorocarbon is used as an obturator; 
insulating gaskets madc of linen-base bakclitc arc 
subjected to a, makc-up lorcc of 20 tons during in- 
stallation. 

The first rings were placed behind the origin of 
rifling; later, rifled rings were installed a t  locations 
farther forward. These were crtrclully aligned with 
the rifling of the borc and pinned to prevent rotation. 

Thc hcat input per unit area of the bore is corn- 
putcd from the fornula 

Emc H = -  
ndwP (7) 

in which IC is the emf output of the themocouplc, P 
its thel.moelectric power, and m, c, d, and w respcc- 
tivcly thc mass, epcaific hcat, inner diameter, and 
width of the ring. 

Radial thermal equilibrium is reached throughout 
the ring in less than a second. Heat is lost relatively 
fast by leakage, particularly through the insulating 
gaskets. The emf-time curve of the thermocouplc 
reaches n maximum and then falls steadily. To obtain 
the ring temperature for zcro thermal loss, the expon- 
ential decay curvc can conveniently be extrapolated 
back to time zero on semilogarithmic graph paper. 

The problem, for a perfectly insulated ring, has also 
been approached by calculating tthe amount of heat 
storecl, in the bakeli.te gaskets. 

Consistent results were obtained by the calori- 
metric ring method. It gives absolute heat input de- 
terminations near the origin of rifling, where some 
other metllods fail. Olljections to i t  as compared with 
methods developed later are the large amount of shop 
work involved, the lowcr dcgrce of precision, and de- 
terioration of the insulation resulting from firing. 

6.3.4 Calorimetric Section Method71 

The term "calorimctric section " asusedhereapplies 
tto a relatively long section of thc barrel which has 
been reduced in diameter by removal of an annular 
ring of metal. Thc purpose of this machining is to de- 
lay and diminish the longitudinal flow of l-lest to  the 
remaining "thick" sections. As long a,s the thickness 
of the barrel wall of the calorimctric section is small 
as compared with the diskance from the measuring 
thermocouple to the nearest end of the section, the 
section acts as a calorimeter for a considerable length 
of time after the heat input through the bore ha,s 
taken place, and the temperature of the outer surface 
remains a t  it? maximum value for about a second. 
Since this temperature is determined only by the 
amount of heat transferred through the bore eurlace 
and the thermal capacity of the section, measure- 
inents by this method give absolute values of the heat 

. . ~nprrf. 
Since thc hcat input through the bore is equal to 

the heat received by the barrel calorimeter, we have 

H n d  = 6cp-R [ (d $. 2b)2 - d2] 4 (8) 

where His the heat input per unit area, 0 the tempera- 
ture rise of the section, d the average inside bore di- 
ameter, b the wall thickness of the secti.on, c the 
specific heat of the gun metal, and p its density. Solv- 
ing this equation for H, we obtain 

in which the symbols E and P have thc same mean- 
ing as in the preceding section. 

5.3.5 Outer Surface Measurements 

Thermocouples attached to the outer surfaces of 
guns have been used in many temperature measure- 
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EhBEDDED THERMOCOUPLE 
27.3 IN. FROM MUZZLE EMBEDDED THERMOCOUPLE 

2.6 IN.FROM RIFLING ORIGIN 

GUN METAL 
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THERMOCOUPLE 
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FIGUHE 2. Assemblv for clllbcdcled thelmocouple. (This figurc 110.s appeared as Figulv 2 in XDRC Report KO. A-434.) 

nlr.nl;s. As examples, the British report using the 
method in temperature nicasurements n-it11 20-mm, 
Mark V (Hispano) guns, 3.7-in. Mark VI AA guns, 
and 3-in. and 4.2-in. mortms. 

The ~net,hod has also been e~t~cnaively eniployed in 
studies 11-ith t,he caliber .50 innchine gun, especially 
by North Arnerica,n llvirtt8ion, Inc., 11-here a large 
number of beating and cooling curves have heen ob- 
served."Vincc this type of measlircnlent can be 
made under conditions very similar to service ones, 
thert: has been great interest in the study of thc cor- 
relation betu-een ol~t~er surface temperature and mnl- 
lunctioning in rlic~chine guns (Scction L(i.4). 

'The lmmodified barrel 11x11 itself niajr be considerrcl 
as a caloriinet,ric section in the sense of Sect>ioii 5.3.1. 
,4lt,hough this met,hod is a convenient onc for absolute 
heat input mcas~~renient,~ in Inrge cdiber guns, it has 
some d isa t i~ant~ages .~~ Thc accuracy of measurement, 
is reduced becaux of the greatly dilninishcd tempera- 
t,urc rise in a thick-\\-all calorimeter; the cqnilibriu~zl 
conditions are >~ttained slolr-ly ; and the teiiiperature 
indicat,ion of the thermocouple is averaged 01-er a 
large bore area. 'l'his rnethocl was uscdlu5n cor1,iunc- 

tion wit11 the ballist,ic: firings of the 3-in. arid 3 7 - ~ i ~ n  
guns at  Carderock (Section 4.2). 

5.3.6 Embedded Thermocouple 

+At :L distance of more than a f s~v  hundredths of an 
inch froni the bore surfxcc, the lrnnsient rise ol tein- 
pcrature as a function of tinie \\lhen a single round is 
fired depends on the shape and material of the barrel 
and the t,otal heat input from the round, but not 
sensibly on the mtr: of heat input as a function of 
time, because the t,irnc during which the heat enters 
is so short. If the distance from the bore is several 
tinles largcr than t,he dept,h of rifling and at  lcast 
several times smpller t,llan the disttance back to tllc 
origin of bore or for~\-ard to t'he muzzle, the time-tem- 
persture t,ransicnt approximates (for some set:onds a t  
least,) to that produced in a solid having constant 
thcrnlal coefficients, bo~mded int,ernally by a circular 
cylinder and unbounclcd externally, initially all a t  a 
uniform temperature, to which a pulse of heat is sup- 
plied instantsncously and uniformly at  the initial 
time a,ll over the inncr a~rface, that surface being 
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thereafter insulated. The transient is given by 

in which 0 is temperature rise, H is heat input per 
unit area, pc is volume specific heat, a (= J C / ~ C )  
is diffusivity, t is time, a is mean bore radius, 
T is radial distance, and the J and Y are Bessel 
 function.^."^ 

A thermocouple assembly'OWesigned a t  the Geo- 
physical Laborakory fitted into a hole of small dia- 
met,er drilled radially to within a fraction of an inch 
of the bore of a gun barrel as shown in Figure 2. The 
junction mas formed a t  the bottom of the hole, and 
the electrical i~isulation was made thin in order tthat 
the flow of heat ehould be altered as little as possible. 
By means of a 1;eecls and Northrup Speedomax or it,s 
equivalent, time-temperature traneientswerereccrded 
during the firing of single rounds in different, guns: 
The junctionwas situated about 5/& in. from the bore, 
and a rnaxirrll~m temperature rise ranging from a few 
dcgrees to 20 or 30 degrees centigrade mas recorded 
after about 2 sec, depending on the gun, the location 
of the thermocouple, and the ammunition. 

In some cases, although not in all, the recorded 
curve \\-as matched quite accurately by equation (10) 
or a similar equation which took into account the 
finitc outside diameter of the barrel. Since the volume 
specific heat pc (mhich occurs in the diffusivitg) can 
be considered known, the equation contains two 

, parameters, Hand the thermal conductivity k.  Change 
of H corresponds to a change of temperatlure scale 
and change of k. to a change of time ~cale.  When tlie 
experimental curve is matched by a suitable choice of 
the two scales, the values of the heat input H and the 
conductivity Ir are determined. Of course, if k is 
known in advance for the particular steel, the de- 
termination of B is more precise. 

The method of the embedded thermocouple is the 
siriplest for measuring heat input just forward of the 
orhigin of bore. However a conlpletely reliable design 
of embedded thermocouple is still to he sought. In one 
developed a t  Purdue University3'l for the Army Ord- 
nance Department the end of the thermocouple junc- 
tion mas at  the bore surface, but the thernl~elect~ric 
voltage produced corresponded to the ten1pe~:tture 
over a zone of metal several thousandths of an inch 
thick, which is the zone where the tcmperature gra- 
dient is steepest. 

5.s.1 Heat Input by Strain Measurement 

During the course of t,he firings of caliber .50 air- 
craft barrels at  Cardcrock, described in Section 7.5, 
thermal strain was ohservcd in the oscillograph rec- 
ords. These sho\zed that after the effect of the gas 
pressure had subsided, the strain settled down about 
15 mSFc after firing t,o a value which remained con- 
stant for at  least 35 mms. This constarit strain was 
considered to be a thermal effect and was used to 
determinc heat input. The ~nethod was based on a 
theorern proved in Section 7.2.3, to the effect that 
circnmf~rential strain a t  tlie outer surface of a hollow 
cylinder depends only on the quantity of heat in the 
cylinder and is independent of the (cylindrically 
symmetrical) distl-ibution of the heat,. 

I t  was assurnetl t h ~ t t  this theorem could be applied 
to .l;lie aircraft burrels; final temperature rise waa then 
computed frorn the thermal strain and thc heat input 
was thus found.l0"1le coefficient of lincftr thermal 
expansion of the steel was taken as 11.2XlO-"OC, 
the volume specific heat as 0.86 cal/cmV0C. Single 
rounds in a nitrided and chromium-plated barrel gave 
results shown in Table 4. Since values are correct 

T A ~ L E  4. Heat input by strain n~casureinent, nitridcd 
and chl.omium-plated calibcr .50 alrcraft machine-gun 
barrel fired air~gle sl~ot. 

-. - ~ - -" 

Uistarrre from Beat input 
brecch (in.) (csl/cmn~) 

within 10 per aent, exccpt nr:ar the origin of bore 
where thc underlying assurnpt~ions of the method are 
not met, the results were very satisfactory. They 
could be further i~nproved by testing for thermal 
strain alone, in mhich case higher ~tmplification could 
be used. 

5.a.8 Other Methods of Measurement 

Of other possible mcthods ol measurement of input 
or t,ernperaturc, onc that has been of interest recently 
is nleasurenlent by means of temperature-indicati~~g 
Coatings,412,43',4"",5~9,b300b31 SllCh paints are no\\- avail+ 
able covering a range of 80 to 800 dcgrees centigrade, 
well suited to external barrel tcmperaturex. Single, 
double, and ~nultiple-cbange colors have bcen devel- 
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opecl. Those of the first; kind change color irreversibly 5-4 BORE SURFACE TEMPERATU'KESe 
a t  a fixed temperature; for the double-change typc, 
the first change is a reversible one taking plac,e at  a 5.4.1 Theoretical Methods of I)eterniination~ - - - 

relatively 1011- temperaturs; continued heating causes 
a permanent change :it a much higher temperature. 
The multicolored paints slion- varying irreversible 
changes a t  different levels; tlhe regions of color are, 
however, not so shfi,rply defined. I t  is claimecl t,httt 
with careful handling, indicatcd t,emperatm.es will be 
within approximately 5 per cent of the actual ones. 

The paints are dependent l'or effectiveness on tirne 
of exposure to heat,. Some have been etarldardixed on 
a basis of 30 nlin heating, othcrs on 10 win. At tem- 
peratures which are high for the particulal. paint be- 
ing used, however, the color changes ]nay result froin 
much shorter times of c x p ~ s u r e . ~ ~ ~ n  the case cf 
Thermindes paint I36 a transition which requires 10 
min a t  450 C will occur in 4 to 5 sec a t  680 C. For 
this paint it has been gho\\;n that, on n graph of tem- 
perature versus logarithm of heating time reqnired 
for a color change, a si~nple linear relation holds cver 
the time range investigat,etl for t,he tl\vo lo\\-er temper- 
ature trsnsitions, but that the relation for the upper 
temperatwe transition is Inore complex. 

5.3.9 The Thermal Analyzer: 

Various aids to the study of t~mpcrature distribu- 
tions have bccn devised; in purticular, a thermal 
analyzer has been developed :tt the University of 
California under the auspices of the OSRD Engineer- 
ing and Transition Office. X network of ~lect~rical 
resistors and capacitors is used to simulate the ther- 
mal system. In a typical unit eight radial positions 
f t ~ ~ d  eiglit axial positions are provided; impulses are 
introduced at, any one of eigllt, points to represent hsut 
input. The corresponding first cight resistors repre- 
sent thc resistance of t,hc la~ninar layer ncxt to the 
surface. Temperaturcs can be taken at  nny of 64 net- 
work positions at  \\-liicli condensers arc attached. All 
condensers and rcsislors are variable, making the unit 
applicable to different guns and firing conditions.,, 

-. 
In the fall of 1043, Section A of Division A, SDKC held a 

syrnpi~"il~m to review t,he currcnt knowledge ahout, the hea,t 
input to the borc surlace of guns a,r~il the tenlpersttr1.e~ ~,esrrlt- 
ing. Thc tcn papers presented, together with usef~ll contributed 
comment, ]!-ere Ist,cr edited and issued as NDRC Report 
A-201.32 Somc of this material \\":IS later expa~lded and issiled 
ir ,  sepnclte reportt: \\-hioh nre referred to elsewhere in this 
chapter. 

I n  gcnernl the rnntlicn~ntical notntion follo\vs t,hnt ol the 
original sources, snd t,herefore is not ~:onsistcnt througl~oil~t 

The telnperaturc of the bore s~~rface  may be cal- 
culated fro111 the heat input anti the known laws of 
heat flo~t-. In this section are s~~rnmerized some of the 
nlethods and rcsults that various workers have ob- 
tained. All are ljased on the same fundamental ax- 
surnptions : ( I )  the principal source of heat transfer is 
forced convection from the gas, asdescribed insection 
5.2.2; and (2) the heat conduct,ion problcln is that of 
flow through a semi-inbiite slab. For this flow we 
liave the f~ndament~ul cquation 

aT A; a2T -.- = - - 
at cPr  dz2 ' (1 1) 

where T is the temperature of the gun metal a t  depth 
z from the surface and time t, and k, c, and p, are 
respectively the thermal cond,uctivity, specific heat, 
and density of the metal of the bore w-all. The ratio 
( k l c p , ) ,  which is called the "thermal diffusivity," is 
considered constant in most applications. To obtain 
the temperature of the surface T,, equation (11) is 
integrated under the boundary conditions 

~vhere. h is the heat transfer coefficient discussed in 
Section 5.2.2. This integration leads to 

where nL is it variable oC int,egration. This equation 
shows the characteristic difficulty of the calculation 
of bore-surface teniperature : the heat input a sdched  
in equation (2) is it,self dependent on the desired tem- 
perature T,, Hence numerical or other approximate 
methods of solution must be sought. 

The five methotls no\\- tto be described differ prin- 
cipally in thc manner of calculating h, in the values 
chosen for the thermal const,ants, and in thc mcthods 
of approximating t'he solution of equations (11) and 
(13). 

this chapter. Ia order to silllplify the reading of individu:~l 
sectjor~s, however, some changes have been rx1:~de. Jn pnlticir- 
lar, throughout this section a is 11scd For diffusivity sncl T for 
temperature, nltho~rgh in some ol the sources other. symbols 
had been usecl. 



108 HElTIWG OF GUNS DURING FIRING 

METHOD OF FULCHER~~ 

In this method of computation the heat transfer 
coefficient used was that given by equation (B), the 
simplified tl-lcoretical expression for smooth pipes. 
Then the rate of heat input & (in calories per square 
centimeter) was obtained from eyua,tion (14), in 
which U' is the velocity in thousands of feet per 
second. 

Q = 8.9(pU')0-8(27, - T,). (14) 

od of successive approximations tc obtain values 
for the rate of hcat input Q and the surface tempera- 
tures T,  a t  any time and for various positions along 
the bare. 

An important advantage of this method of cdcula- 
tion is that i t  is readily adaptable to different experi- 
mental conditions. Thus i t  is not limited to anypartic- 
ular assumption about variation of gas density or 
gas temperature, and i t  is possiblk to take preheating 
(as by engraving) into account. 

Since Q varies regularly with time, equation (1.3) was 
METIxoD HIWE aFELoE a, IiERSHNIR, 

approximated by 
AND CURTISS"" 

= 3.4(1+ &)$*Q2 'YL - 1 [~nt  - (n + j )]  ' I 2  (15) 

in which n. is the number of snlall intervals into which 
t'he graph of Q as a function of time is arbitrarily 
divided and f is a function of the curvature of that 
graph. 

The method of calculation consists in determining 
p, U', and 16 from experimental records of' breech 
pressure and projectile position as functions of time 
during firing, by using the fundamental gas laws. 
17rom the known data graphs are set up for total 
energy, energy remaining in the powder gas, gas tem- 
peratures, and velocity of the powder gas, as pxrtially 
illu~trated in Figure 3. Thcn the values for p, U', and 
T, are used with equations (14) and (15) by the mcth- 

MILLISECONDS 

FIGURE 3. The total Irinctic energy which the powder 
gas would h.nvc had if it had lost no energy, versus time 
(upper curve). This curve is det,ermined by summing tho 
energies as indicated on the tbrce lower curves. (This 
figure has appeared as Figurc 3 in NYlZC R.epoi-t No. 
A-201 .) 

In this method the smooth pipe approximation for 
h was used, in the form of equation ( 5 ) ,  with the exact 
theoretical expression for h. The ballistic variables 
p, U', and T, were obtained by the detnilecl theoretical 
methods of calculation described in Chapter 3. A con- 
stant valuc of 3.4 wasadoptcdfor the term2(np8ck)-112 
and equation (13) was approximated by 

That is, thc time was divided into m small intervals, 
xnd therate of heat trsnst'er assumed constant through 
tach interval. A step-by-step computation was car- 
ried out, using the value of Q(lj-,) calculated on the 
basis of the T8 at the beginning of the interval. 

The morc: general case for temperature T,  a t  ;t dis- 
tance x from the bore surface was solved on the basis 
of an analogous equation. The resdting step-by-step 
summation rnethocl of solution is indicated by equs- 
tion (17) 

m 

in which a is diffusivity and the function E(y)  is the 
error integral defined by 

Existing data were simi1,zrl-y fitted to empirical 
relations to givc equation (19) for total input Lo entire 
barrel up to time of ejection (hl )  
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and equation (20) for average heating per square inch IM, 

of bore surface per round. 
140 

hl L/D[.09( To-300)4'3] AD2I3 - = (20) " 
120 

aDX, I x 2 i . 0 8 ( $ ~ )  Yl 100 

W 

E so 
w n 

In t,hese equat,ions To is flamc tenlperature on the , - GO 

absolute temperature scalc, 1; projectile travel in 
4 0  

inches, C the charge in pounds, Jl caliber in inches, A 
loading dcnsity in g/om" x,n is equivalent length of 2 0  

chalnber in inches and X,,,,/So the ratio of gun volume 
'0 5 10 15 20 25 3 0  35 4 0  4 5  5 0  55 6 0  

to chamber vol~~me.  Equation (20) malcee clear the t IN 11300  SECOND 

well-knon-n relation that for guns and loading sue11 
that LID,  X,,,/Xo, and Aare the same, the heating per 
unit ares per round varies as thc tw-thirds pov-er of 
the caliber. 

l n  connection with these methods of calculation i t  , 
is of interest to not,e approxiir1:tte results for near-sur- 30 

*face temperatures that, have been found by the class- , 
ical theory of heat flow in a semi-infinite solid. Heat m 

j.nput values suitable for normad guns ancl machine 
guns and t,herlnal constants generally acceptNed for 
gun steel were uscd. Tlle temperature rise a t  dist,ances t IN  SECONDS 

near enough tjo the bore surface to nlake ~/4ort < 0.01 .prnunE i, T ~ ~ ~ ~ ~ ~ ~ ~ ~ . ~  rise near the bore 
are shown in Figl~re 4. The lnaxirrlum ten~perat~ures , iirillg of one rouncl. 

ttttsined by point,s at  various distances from the sur- 
face are ~;ho~vn in Figure 5, together \\-ith the elapsed least one gun is recluircd. From such B rneftsurenient 
time to tllc lnaximu~n. The functions used in these values of t,he friction factor X in guns of different cali- 
calcula,tions are, of course, discontinuous at  the bore bcrs \yere derivt+d. Because the n~easurements~' of 
surface itself. 

TIME TO MAXIMUM IN SECONDS 

60 
e 

NO IXDHEIM'S fif E'I'HOD~' 
55 

This method uses the preferred expression, equa,- 
50 

tion (41, for heat tral-lsfer in a rough tube, in which 
the constant X is fittctl clnpirically to the experin~ent.al " 4 5  

results for heat transfer. The ballist,ic paramctcrs :ire $ 40 
R derived t,heoreticallp from the simplified ballistic sys- ; 35 

tern described in Section 3.2.7. For this system, all ' 3 0  velocity-t,in>e curves are the same if described ill 
a 

terms of a, reduced-tine variable 7. It then kecorllcs 25 

possible to solve equation (13) in tcrms of this reduced- 
time variable ancl a corrcspo~lding reduced-depth 

. $ 
variable {, so that thc results are applicable to guns of 15 

varying sizes snd conditions of firing. The simplifica- 10 

tions in thc ballist,ic sjrstenl cause relatively small 
5 

changes in the calculated ht:st tmnsfers and surface 
temperatures. 

Fundamental experiments on erosion DISTANCE FROM BORE SURFACE IN CENTIMETERS 

also formedpnrt of the basis for the analysis. h knors-1- h-,,,,, 5 ,  Maxinluln ternper8,t,lre attained from h i n g  
edge of an experinlentd value of the hest input to at. 01' one muncl. 
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heat input were still .in progress when this method of 
calculation mas developed, two values of the heat in- 
put 11-er.e introduced, so that intcrpolatien might be 
made later on the basis of more accurate experimental 
determinations. 

In the computations i t  was further assumed that 
the density of the propellant gases is constant 
throughout the whole space behind the projectile. 
Constant values of k ,  c, and p, were chosen, so that 
the value of the ratio 2/(.lrp,~lr)"~ was 3.16. 

The simplified or reduced ballistic system permit- 
tecl the development of formulas an.d tables inde- 
pen.dent of the absolute size of the gun, relati.vely in- 
sensitive t1o variations in loading density lying within 
the normal range from 0.5 to 0.7 g per cc, and to other 
ballistic variables. The results4Wcpend essentially on 
two parameters. The first is the "burning parameter" 
E which fixes the position of the projectilc when the 
powder is all burnt. E may be calculatcd from the 
powder and gun constt~nts, and then the position yb a t  
all-burnt is given by equation (21)) 

in which y is a reduced-position variable, the sub- 
script 0 indicating the initial position of the projectile. 
In preparation of the tables, 48 a value of 1.36 was used 
for 7, although as pointed out in Section 3.3.2 a some- 
what lower value would be preferable. 

The second fundamental parameter is the "heating 
parameter" L. This variable is independent of time, 
contains the friction factor X, and may otherwise be 
calculated from the gun and powder constants by 
equation (22), where the symbols have their usual 
ballistic significance (Chapter 3). 

There are three periods of time ivhich have special 
significance in temperature studies---prior. to all-burnt, 
after thc burning of the powder but precedingejection 
of the projectile, and after the ejection. For posi- 
tions back of y,, the heat input is greatest during 
t,h.e first period, smaller. in the second, and relatively 
slight after ejecttion. For positions toward the muzzle 
from ?/I,, heatin,g begins in the second period and is 
important, in the third. It has been remarked that 
uncertaintics as to the behavior of the gas strea,m 
follo~ving ejection make the figures given in NDRC 
report A-262 less reliable; they have, however, com- 

pared reasonably well with experimental rcsult,~, as 
brought out a t  the end of Section 5.2.2. 

On tho reduced basis the fundamental heat-transfer 
equations (11) 2nd (12) become equations (23) and 
(241, 

The reduced heat-transfer coefficient H(r)  is the prod.- 
uct of thrce factors, as  shown i..i equation (25). 

These factors arc, respectively, the position in the 
gun X,/XU, the time-independent heating pal.an~eter 
L, and the general fl~nction f (T), which depends only 
on the burning parameter h'. T h u ~  a general solution 
of the problem has been obtained. 

The hent-transfer f~~nct~ion f (7) plotted against T 

gives itn asymmetric bell-shaped curve. A simpli- 
fied mcthod of finding approximate maximum tem- 
peratures near the beginning of travcl involves use 
of a straight line to replace this curve between tfhe 
origin and the point corresponding to "all-burnt,." In 
most cases results obtained by this method will be 
within 30 centigrade degrees of those given by the full 
tabular method, usually considerably closer. 

Tables have been issued48 for the temperature rise 
corresponding to various values of L, assuming flame 
temperatures of 2500 R for "normal" guns and 2795 IT 
for machine guns. A sligl~tly different trcatment was 
used for machine guns because their ballist,ics a re  
somewhat different from those of larger guns. These 
tables contain values correspondi.ng to different 
dcpths below the bore surface. Scparate tables ale 
given for tirncs prior to all-burnt and after burning 
has been completed. 

The main tables are based on the assumption that 
the unburned powder grains are distribut,edunifomly 
in the space behind the projectile. An auxiliary table 
can be used to obtain values corresponding to the 
assumption that all the unburned powder remains in 
the chamber. 

Correction tunctions arc presented for changes in 
thc flame temperature of the powdcr and the initial 
temperature of the bore s~~rface.  I t  has been pointed 
out,ll3 howcvcr, that i t  is undesirable to extrapolate 
beyond a flame temperatnre of 3000 K for normal 
guns. In several cases results for hotter powders that 
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* 
have been compared with thosc obtained by numeri- The other b's are functions of the a's alone. Starting 
cal integration have shown larger variations (as much from the initial temperature To (2) = 0, these recur- 
as 100 degrees than for cooler powders. rence relations enable one to calculate the tempera- 

turedistribution a t  the end of any subsequent interval. 

R~ETIJOD OF HICKS, THOHNHIGL, AND WARE 
If instead of using the varying values of h(t) and 

T,(t) and integrating by a step-by-step method we 
In developing this method the heat transfer coeffi- assume that these quantities may be replaced by 

cients were assumed known from the smooth-pipe some form of average values h and To, the heat con- 
expression and empirical values of the ballistic quan- duction equation may be solved analytically, as 
tities. By application of the boundary conditions shown by Thornhill and Wsre"8,403 and by Hobstet- 
given by equations (261, ter.124 The latter has written the result in the form 

X + w  T- tO I 
a convenient numerical of the heat conduc- 
t,ion equations (11) and (12) was obtained. As orig- 
inally described it may be outlined as follows : 

Dividing up the time interval over which heat 
transfer takes place into a number of equal small in- 
tervals 6t, equation (11) may be replaced approxi- 
mately during one of these intervals by equation (27), 

l11(Z) - To(Z) 
6t 

where the T's are the temperature-space distributions 
a t  the beginning and end of the interval. By applying 
the definition of q given by equation (28) 

equation (27) reduccsto equation (29). 
R 

a2 
-- ,,,( TO + TI) = n2(To + Ti) - 2q2 TO. (29) 

After proper consideration of the boundary condi- 
tions, the temperature distribution a t  the beginning 
af the (n + 2)nd interval ,lt may be written 

+ . . . + %(zqz)n]. (3'3) 

The temperature a t  the ond of this interval is given 
by a similar relation with coefficients bo to bn,. 
Coefficient bo may be expressed in the form 

In  this equation a is the diff usivity and h the average 
heat transfer coefficient. The abbreviation Erf stands 
for the error for example, 

T, is likewise taken as an average; the other symbols 
are as previously introduced. 

In applying this method, Thornhill and Ware have 
considered time to projectile ejection as time of trans- 
fer of heat, the average T, to  be the mean of the 
initial and h a 1  gas temperatures, and the average h 
to be half the maximum numerical value of h(t). As 
compared with their more accurate method outlined 
above, they have found the values for heat transfer to 
be correct within a few per cent, and the maximum 
surface temperatures to  be about 15 per cent too lorn. 
Since the calculations were made for the origin of 
rifling, the input after ejection is a minor factor ; how- 
ever for p ~ i n t s  farther down the barrel, ignoring this 
\I-ould lead to a considerable error. 

In an effort to obtain a truer picture of the situa- 
tion by a different choice of parameters, the analytic 
expression of the previous method was combined 
with the heat transfer coefficient and other ballistic 
quantities as calculated by Nordheim's simplified 
system described above. For points near the origin of 
rifling, and under the assumption of equal distri- 
bution of unburnt powder, the gas temperature de- 
creases slowly and therefore it was concluded that a 
good approximation is given by taking this equal to 
the flame temperature of the powder. 
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For the duration of heating the time to maximum 
tc~nperature was expressed graphically in terms of 
the burning parameter E. Finally, for the heat trans- 
fer coefficient equation (34) was adopted. In i t  h is 
the transfer coefficient used by Nordheim, 

culccp, 
(34) 

cv is the ratio ~ / t  betmeen Nordhcim's reduced time 
and time in the ordinary scale, li, c, and p, have the 
same meaning as in cyuatiorl (11). 

This method was applied to studies of caliber .50 
and 37-mm guns. The former computations were 
carricd out in conjunction withmetallographic studicv 
of borc surlacc erosion, which are discussed in Ch:tp- 

h comp:trison of the results by the different meth- 
ods is desirable; it has been difficult to  find guns for 
which calculations have beenrnade by all tthe methods. 
For two guns the values given in Table 5 have been 

TARLE 5. I301.1: surIace temperatures calculated by vari- 
ous methods. 

Method 

bore s~~rface  rises far above th.e average ahnost im- 
mediately aft,er a round is fired and, falls below the 
average during most of the time between r0und.s. At 
a distance from the bore surface the actua.1 and aver- 
age temperatures are practically the same in rapid 
fire.lOThe progress of heating of the whole barrel is 
described a t  some length in Section 5.5. 

The average temperature in the neighborh.ood of 
the bore surf:tc:e tells the gcnerul temperature level, 
as distinguished from the momentary sharp peak of 
temperature alter each round. Thc 1:~ttcr is important 
chiefly for chemical effects and bore surf~~ce melting, 
the lorlner rathcr for deeper mechanical effec1;s fol- 
lowing upon bullet impact, as described in Section 
13.1.2. 

Average bore surface temperature can be deter- 
mined from measurements of temperature during a 
burst taken a,t several distances from the bore. Such 
measurements were made in caliber .50 barrels at  the 
Geophysi.cad J~aboratory by means of the embedded 
thermocouples descri.bed, in Section 5.3.5.  The read- 
ings were taken by photographing millivolt,meters and 
a clock, or by pen and ink recorclcrs. In one case, four 
thermocouples were inserted at  the origin of borc, a t  
distance2 from the bore ranging from % in. to the 
outer surface. Soon after the beginning of tthe burst, 
temperatures were rising at  nearly the same rate a t  

Sinlplified h'orclheim Hob- Hirschfelder all four thermocouples (see Figure 8, couples 4.35 in. 
Gun Nordheirn tabular stettcr Rershner et. a1. from breech). ~h~ heat input, fi perunittime, through -- 

~ - m m  M.7 570 C 590 C 532 C 555 C a bore surface area of unit length. axially and extend- 
Mk V1 C: lo'* 1210 ing; one radian circumferentially, could then be cal- 

culated by equation (35), 
calculated. It may be remarked that in general, results 
are not so consistent as the 37-mm gun temperatures ' a@ 

- o(r2) + ~ w p c s z d s d u ,  
would imply; on the other hand, the Hirschfelder re- II = - 
suits are llsually in better agreement than the 8-in. (35) 

gun  result,^ mould indicate. 

5.4.2 Temperature in Continued Fire 

The preceding section on calculation of bore sur- 
face temperature dealt with actual instantaneol~s 
temperat~lre, and had in view chiefly a single round. 
In the firing of a continuous burst a concept of im- 
portance is average temperature. It is best defined as 
the temperature that would be produced if the heat of 
each round entered in rt uniform way over the wholc: 
time 'between that round and the next, instead of al- 
most at once after the instant of firing. The average 
temperature rises smoothly and steadily as the burst 
goex or! whereas t,he actual temperature a t  or near the 

in which 8 is temperature, r1 and r2 are the distances 
from the axis of two thermocouples, k is conductivity, 
a is bore radius, pcisvolunle specific heat, and t is time. 
The average bore surface temperature was given by 

In  these two formulas the effect of any poseiblc 
flow of heat in the axial direction has been neglected. 
If axial flow is not neglected, additional terms appear 
in both formulas. An, estimate of the axial flow can be 
made frorn the readings of three  thermocouple^.^^" 

The principal termin thcnumeratorof equation (35) 
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in t11e calculation of the rate of heat input ,I1 is @(rl) 
- Oh?) ,the temperatu.re diflercnce at  rt  given mornent 
betmeen thennocouples a t  tv-o different distances 
l ro~n t,he bore. In  the cxample citecl above t,he differ- 
ence amounted to about 80 degrees centigrade be- 
tween x6 in. and. % in. from tthc bore. I t  is douhl;lul, 
ho~t-ever, n-hether the embeclded t,hermocouples were 
capable of measuring such a difference very accn- 
rately. 

The arnount by which the average bore surfar:e 
teinp~rat~ure exceeds the actual temperature just be- 
fore a neiz- round rnay I-)c estimated by 3..4613>( 
( . n / ~ ~ c l r ) ~ ,  in 11-hich B is the hen.t input of the new 
round per unit area and n is thc rate of fire of the 
bul'st.'"" 

I t  is possible to ca,lculatc Liverage temperatures in a 
burst, ttnd for that mst,t,er actuttl t,e~nperaturesnot too 
close to the bore, by in effect acc~in~ulating the tem- 
peratures of the separate rouilcls 3s expressed in equa- 
tioil (10) or :tnnlogous equations, provided the scction 
in question is not too close to the origin or t,he muzzle, 
and the outer surface of the barrel is nearly cylin.dri- 
cal in the neighborhood of the sect,i.on. Bcsides thc 
dimensions of the barrel and the thermal coefficients 
of the steel, it is necessary only to have some kno\\-1- 

edge of th.e heat input per round. This can be gained 
froin mcasureincnt, a t  the outersurfaceduringa burst ; 
or from measurement of the i.nput of a single round 
coupled with the assumption that heat input de- 
creases in proportion as average bore temperature 
approaches a fixetl "limit temperature" of about 
1000 C ; or finally, 11-itbout nicasuremcnt, from Nord- 
heirn's tables or an ccluiva,lent theoretical calculation 
(see Sect;ion 5.4.1). 

Figurc 6 c;ho\\,s c:tlculated average telnperatures in 
a .%in. gun firing 90 rounds at :L rate of' D rouzl,ds per 
minute. These tempcratures are clramn in frill line, for 
the bore wirface and tlle outer surface, at  a posit,ion 
ncsr the muzzle and another about inid~vay along 
the barrel. Mcasured outer surface temperatures a t  
the sanle positiorls are dra\\*nin dotted lines. The cal- 
culations \\-ere basecl on measurements of single round 
hent input,, itnd the assumption of a limit temperstme 
of 1000 degrees near the middle of the barrel and 700 
degrees near the n~uzele. I t  ~ n t s  assumed r~lso that no 
heat escaped lrom the o~ltol. surface. If an allo~vance 
l ~ a d  been inadc according to known rriles for the cs- 
cape of heat there, the calculated 2nd measured outer 
s~wface .i;cn~peratures ~1-oulcl have come very near to 
agreement. lo" 

5.4.3 Experimental Methods of 

Determination 

BORE SE-RFACE THERMOCOUPLIE 

-4 means ol recording the transi.ent temperat,ure a t  
the bore surface of a gun was devised by a German 

The rileasurement was madc with a 
I thennocouple asseml-)ly that could I-)(; inserted in a gun 

1 wall so that t,he t,hermo-element formed part of the 
gun bore surface. This therino-elcment consisted of 
an oxidized nickel wire t,hat pussed clown a fine hole in 
a steel plug snd a thin layer of nickel that had been 
plsted on the exposed end. This layerolnickelblldged 
the laycr of nickel cxide that insulated the mire frorn 
the plug, in ~\-hich it was a tight fit. There is not 
available any record of t,he extent to nrhich this 
~ncthod was used. 

TIME IN MINUTES FUSION T E M P E R . ~ T ~ ~ ~ E  O F  EROSION PRODUCTS 
FT(;URE 6. Calculated sni1,erpe~imental temperat'urcs 
in 3-in./5O-cal. I\Ta~li 22 Naval gun firing 90 rounds a t  Many of thc chemically altered erosion products 
t,hc rate of 6 rouiicls pcr minulc. Allowance is not, made that occur on tile bore surface gi,ve evidence of having 
in the calculat,ior> for heat loss through t;hc outer. surface. 
(This figure has appcared as Figure 70 in NURC R.eport been liquefied, as is brougllt out in Section 12.6. 
No. A-434.) Hence a determination of tthe temperature of incip- 
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ient fusion of such nlaterials gives a, lower limit to the 
t,einperature of the bore wnface. An experimental 
mcthod for such a determination, has been. worlced out 
in a preliminary way.' O 5  

A few milligrams of the bore surface deposit mere 
sealed in a very small, thin-walled, well-evacua.ted 
silica-glass container whose volume ~vss about 20 
mm? The cont,ainer was heated in a vertical electric 
furnace (2.5 cm bore), which had been preheated to 
the temperature a t  which i t  was desired to heat thc 
charge. 

The furnace temperature was measnred with a 
platinum-platinrhocliuln thermocouple junction lo- 
cated a few millimeters above the bottom of a 7-mm 
silica glass tube, closed at its lower end, which was 
placed a t  the hottest part of the fu1:nace. 

The sample in its evacuated container was lowered 
on a platinum mire to  the bottom of the silica tube, 
left there for a certain number of seconds (longenough 
to attain a temperature which was certainly not more 
than 5 or 10 degrees lower. than the furnace tempera- 
ture), and was then lifted out and the contents ex- 
amined for signs of melting. If no nzelting hacl taken 
place, a new sample was used for the next trial a t  a 
higher temperature. Suitable criteria for rrleltiag had 
to be fcund for eash sr.lbstan.ce studied. X-ray exain- 
inations were made of the phases in the ma,terial be- 
fore and after melting. 

Interpretation of thc resultz is difficult because of 
tfhe limited amount of experimental data. A residue 
from decoppering (see Section 1 J..4.3) showed a f ~ ~ s i o n  
temperature of 1160 -F- 40 C. As now set up, the meth- 
od unlortunately cannot be uscd for temperatures 
above 1250 C. because of softening. of the silica glass 
cont,ainer. 

5-4.4 Applications .to Conditions of Firing 

EFFPCT OF PRB;HEATINF 

As stated in Section 5.2.2, the methods of calcula- 
tion just disoussed have ignored heat input frtnn 
sources other thas transfer from the hot gases. How- 
everh, an indication of the eflfbcts from engraving and 
Irictional forces has been given there and in Seotion 
5.3.8. 

Thc reality of a high temperature a t  the interface 
between a projectile and the gun bore has been dem- 
onstrated in tile case of caliber .50 b~llets.~"y using 
thc gjlding metal of the bullet jacket in contact with 
the steel of the bore surface as a sliding thermocouple, 

measuren~ents of the temperature of tthc interface 
were made while the bullct was in motion in a short- 
ened caliber .50 barrel. A temperature of 860 C  IT-^ 

recorded for thc apparent average temperature over 
the area of contact between the bullet and the bore; 
and very likely some spot reached a higher tempera- 
ture. 

The question naturally arises as to the effect of 
such preheating' on the bore eurface temperature. 
When the time of preheating is very small (less than 
half the burning time) as in the case cf preheating 
resulting from either engraving or bore friction, the 
increiise of maximum temperature due to gas heat- 
ing is relat,ively  lo^^.^^ For a 37-mm gun the increase 
per. prehetiting unj t of 1 cal,/cm2 for the neighborhood 
of the origin of rifling is 25 degrees centigrade. As 
mentioned a t  the end of Section 5.3.8, one set of as- 
sumptions led to an estimate of approximately two 
such units for the maximum preheating input. There- 
fore, we may be safe in saying that for this gun the in- 
crease of maximum bore surface temperature from 
preheating. due to the rotating band does not exceed 
50 degrees centigrade and it is probably considerably 
less. 

When a liner is inserted in a gun, or when the bore 
surface is platcd, 'heat inpnt and resulting bore sur- 
face temperature are correspondingly affected. The 
metals now of most interest as liner materials are 
chromium-base alloys (Chapter 17)) molybdenum 
(Chapter 18), and Stellite No. 21 (Chapter 19). The 
one commonly used in plating is chromium (Chapt,er 
20). 

In plated guns i t  is essential to have the clepth ol' 
plating sufficient to prevent thermal dtcration of the 
underlying steel (see Section 13.3 ancl Section 31.5). 
When this is the case i t  is necessary in calculating 
heat input to the bore surface frorn a single round to 
consider only the thermal constantsof the plated~netal 
and its surface roughness as compared wi.th gun 
steel. After a few rounds have been fired in a gun 
there appears to be little difference bet,wecn metals 
in regard to the latter factor. 

I t  is i.nlportant to note that the correction functions given 
in Table 38 of NDRC Repurt; A-2B2L8 u,nd applied in rormuln, 
6-16 of tha,t report itpplies to ir~itial tempero,tures that are 
fairly uniform tbrougl~out a luycr of the bore surface consider- 
ably thiclter than the m:tximum depth considered in the 
txbles. This preheating might bc from a provious round or 
from e,n external source, such as the suIi. 
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Since liners are much thicker than plating, i t  is trary effect. Average temperature a t  the bore of a 
sufficient for purposes of comparison of temperatures stellite liner, a t  the origin, is a t  first considerably 
a t  the bore surface to base calculatiorls entirely on the higher than in steel, but by the 200th round of a long 
thermal constants of the metals occurring there. Un- burst, the differcnce is in great part erased.1JJ6 
fortunately these are not too well established, even 
for gun st,cel. Also, since bot1h conductivity and vol- 
uine specific heat are f~nct~ions of temperature, there 
is always some question as to \i-hat values to adopt. 
Values for steel and stellitte are given in Table 3 of 
Chapter 19. Values for chro~niuln and molybdenuni 
may be derived from dat,a given in Chapters 17 and 
1.8, The melting t,nnperature of inolybdenuin is so 
high, 2620 C, that, liners made of this metal \\ill not 
melt with any propellants now in service. 

If average valrles for the constants are assumed, 
calculations indicate that the bore surface tempera- 
tures reached in gun steel and in stellite-lined guns 
differ by very little. For the caliber .50 erosion testing 
gun (Section 1.1.2.1), ~aIcul:it,edl*~ values using 
FNH-M2 powder are 1670 C and 1680 C ,  respectively, 
for the temperature after a single shot. Surface melt- 
ing wa,s observed in both c a s ~ s . " ; - ~ ~  With IMR pol\-der 
the calculated results are 1310 C and 1325 C. Here i t  
is important to note that the lower end of the fusion 
range of st,cllite is exceeded slightly while the melting 
point of gun steel is not reached; but yet surface melt- 
ing of the stellite was not obscrved after 500 rounds. 
Gun steel did not melt when one round of IhiR 
powder w:zs fired, but liq~efact~ion of the steel which 
had been chemically altered by the powder gases 
occurred after a nurnber of rounds.124 It is not sur- 
prising that, in t,he case of continued fire with IMR 
powder, steel nlelts 11-hile stellite does not, for the 
melting range of altered gun steel is much lower than 
that of st,ellite, as is brought out in Section 12.5.3. 

The bore surface temperatures for a stellite-lined 
37-~nm gun for three FKH-powders have also -been 
similarly comput,ed. The estimates are 980 C for M1, 
1.310 C for M5, and 1330 C for M2; thc last poii-der 
is considerably hotter than Rj15, but a smaller charge 
ia sufficient to give the desired velocitty of 2,900 fps. 
These figures predict melting of the stellite when t,he 
hot powdcrs are used; t,his has been verified experi- 
mentally in firings of a 37-mm stellite liner a t  
Rberdeen, as described in Section 33.2. 

Temperutures in ti nitrided, chromium-plated air- 
craft barrel, or in one containing a 9-in. ~t~ellite liner, 
are not remarkably different from those in a, st,eel 
barrel, especially a t  the higher lcvels. Chrorniunl 
pla,tc permits more heak to  enter in rt single round or a 
short burst, but in longer-continued fire it has a con- 

The "blow-torch" effect, of gas leakage resulting 
from imperfect obturation is particularly likely to oc- 
cur in worn guns. For banded projectiles, the danger 
of gas mashing is greatest :it the beginning of the 
travel of the projectile, before the rotating band has 
been engrav~d.~S Later the band forrns a. more efiec- 
tive seal, and the increased velocity of the projectile 
reduces the time for gas wishing. There are two chief 
reasons for the relatively large effect of the escaping 
gases; first, that the velocity of the gas stream is very 
high-etlua.1 to the velocity of sound-and second, 
that the friction is large in narrow and irregular slits. 
Th.e result of gas washing is loc~alized melting leading 
to scoring of a gun, as discussed in Section 13.4.1. 

I t  is clear that in the case of pre-engra.ved projec- 
tiles the possibility of gas leakage is al,~~\-ays present, 
and that this would be acccntuated by any imperfec- 
tions in their manufacture. li:xperiment,s with caliber 
.50 projectiles, described in Section 31.4.2, indicated 
an increase in erosion with increased leakage area. 
Whethcr the same conclusion holds for larger projec- 
tiles is not yet Imawn. Theonlyexperin~entalevidence 
is that obtained \+-ith the 37-n~m gun, T47 (Section 
31.7). Erosion was disappointingly rapid; but i t  is not 
certain that gas leakage was an important facl;or. 

5.5 RATES OF HEATING UNDER 
RAPlD FJRE 

5.6.1 Machine Guns 

The heating of the caliber .50 machine gun barrel 
has been studied far more than that of any other gun. 
In  part, this is because the caliber .50 was used as a 
1abora.tory test piece through ~~"h ich  the cause and 
cure of erosion in other guns might be nnderst~oocl, 
and in part for its own importance as an aircraft 
weapon. The study included both the 28-lb, 45-in. 
heavy barrel and the 10-lb, 36-in. aircraft barrel; 
nitridcd and chronliunl plated and stellite lined barrels 
as n~ell as steel barrels; single rounds, bursts, and con- 
tinued fire under various firing schedules; different 
positions on the outer surfa,ce and inside the barrel 
wall; different ammunition; and different methods of 
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FIGURE 7. Magrarxrmatic representation or t,he succcssive stages of beating of a cross section of a maohinc gull barrel, 
during the firing of B single long burst. At first the high tenlpcrature is limited to a thin a1lnu1,us at the bore surface. Thc 
heat spreads out radially with a very steep gradicnt conblnuing closc to the borc surface. If the barrel is allowerl lo cool for 
a short time (last diagram on the right), Lhe steep gradient disappears and the temperature becomes almost unifor~n 
Lhroughout the cross section. 

cooling. The w-orlr was done a t  Aberdeen Proving 
Ground, the Crane Company, the Geophysical Labo- 
ratory, Leeds and Northrup Company, the Naval 
Bureau of Acranautics, North American Aviation 
Corporation, the University of California and a t  
several places by the British." 

The process of heating, TW-hich is shown diagram- 
matically in Figure 7, is as lollows: With each round 
that is fired through's caliber .50 barrel, heat enters 
through the bore surface. At the first round the input 
amounts to about 5 cal/cm2 per round a t  the muzzle, 
increasing a t  first slowly and then nearher the breech 
more rapidly to about 10 cal/cm2 per round a t  the 
origin. I n  the half inch or so of space between the ori- 
gin and the mouth of the cartridge case the input may 
considerably exceed 10 cal/cm%where the borc sur- 
face is inclined to the axis of the barrel, forming part 
of th.e surface of a cone instead of a cylinder. From 
th.e rrlouth of the cartridge case back to the breech, a 
distance of nearly 4 in., the malls of the chamber re- 
ceive little or no heat directly, for the cartridge case is 
ejectcd so quickly that not much heat can pass 
through its walls. (In fact, once the gun becomes hot, 
i t  may be that the net effect of each freshly loaded 
cold cartridge is to extract heat from the cham'ber 
-walls. The input may then be positive in one direction 
frorn the cartridge case mouth and n.egative in the 
other.) The rounds after the first convey decreasing 
amounts of heat to the barrel; the input to a barrel a t  
500 C is everywhere roughly half what it is to one a t  
room temperature. 

I t  takes a matter of seconds for. any considerable 
part of a pulsc of heat received a t  the bore surface to 
make its appearance a t  the outer surface. On the 
other hand a t  least G or 7 rounds per second are. fired 
in the heavy barrel, and as many as 20 rounds per 
second in the aircraft barrel in the M3 gun. The 
average temperature (Section 5.4.2) therefore builds 

h For references see the bibliography in &port A-434.lo6 

up rapidly near the bore surface, and may exceed the 
temperature a t  the outer surface by hundreds of de- 
grecs centigrade. During firing the greatest flow of 
heat is therefore radial, directly outward from the 
axis of the barrel, under the influence of these steep 
gradients. To a less extent flow parallel to the axis 
also takes place, especially from the region of the ori- 
gin back toward the thermally shielded chamber 
walls, and wherever the outer contour of the barrel 
changes abruptly. 

For a barrel firing in still air, the escape ol heal; 
through the outer surface is always small compared 
with the rate of entry through the bore, even when 
the outer surface is as hot as 800 C. If the barrel is 
cooled by a strong air blast,, however, the rates may 
become nearly equal a t  such. high temperatures. 

Within a few seconds after firing stops the radial 
tcmperature differences subsidc almost completely, 
especiitlly in still air or wherc the barrel wall is thin. 
Axial differences on the other hand, the equalization 
of which would require flo~v thr-o~xgh a long path of 
metal, may remain considera,ble for minutes. In partic- 
ular, in still air, the origin scction ma.y continue 250 
centigrade degrces cooler than the forward part of sn 
aircraft barrel for 3 min after a long burst. 

The temperature levels att,ained a t  a given section 
depend chiefly on the heat input per round, the num- 
ber of rounds, and the wall thickness a t  the section. 
The aircraft barrel, as i t  happens, is so tapered that 
wall thickness is in fairly constant ratio to h.eat input 
along most of the length. From a few inches beyond 
the origin to a few inches sh.ort of the muzzle, there- 
fore, average temperatures after a given numbcr ol 
rounds are fairly uniform. T h y  are lower toward the 
origin, because of the flow to the chamber walls, and 
ton-ard the muzale because of the bulge in the last 3 
in. of the barrel'slength. In the heavy barrel, tempera- 
tures are much lower i11 the rear half of the length 
than in the corresponding part of the ajrcraft barrel 
because of the much greater wall thickness. In fact 
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ROUNDS 

FIGURN 8. Ten1perst)ut.e measurements a1 10 different positions ir r  a caliber .50 hcavy machine gun barrcl firing a burst 
oC 135 rounds of AP smn\unition, M2. (This figuw has appeared as Figure 34 in NDR.C Reporl; No. A434.1  

the bulges in that region were no doubt placed there 
largely as thermal sinks. 

Figure 8 sho~vs measuremenks of temperatures a t  
10 different positions in a caliber .50 heavy barrel 
firing 3 burst of 135 rounds of AP ammunition, M2. 
These \\-ere made 11-ith thermocouples attached at the 
surfsue and others ernbedded as described in Section 
5.3.5. The barrels urere either solid stecl or contained 
short stcel liners. The figure is a co~nposit,e of several 
firings a t  rates ranging from 400 to 500 rounds per 
minute, t ~ n t  the tmemperatnres are plotted as functions 
of tjhe ronnd itlstcad of the time, for a more equal 
comparison. One thermocouple was a t  the outer. sur- 
face, 2.50 in. from the breech, over the chamber; four 
jvere at different distances from tlic bore a t  4.35 in. 
hom the breech (the origin of bore section); two were 
at 9.35 in. from the brecch; and one was embedtled a t  

6.35, 25, an.d 44 in. from the hrecch. The figure 
illustrates, among other' things, 1;he lo\\- temperatures 
over the chamber; the manner' in which the tempera- 
ture differentials at  any one section are established in 
the first 40 or 50 rountls of a burst and arc thereafter 
maiatainecl rathcr constant; and th.e magnituclc of 
these differcntials. 

An 01 nlaxi~num temperatures a t  dil- 
ferent poi,nts of ti, steel aircraft barrel after firing fivc 
100-round bursts with a 2-inin cooling in.terva1 be- 
tween bursts is given in Figure 9. Maximum tenlpsra- 
tures (ccntigrade degrees) after five 100-round bursts, 
with 2-min cooling between bursts, fro111 a barrel ini- 
tially at 20 C, are written on the figure at; 16 places. 
Thedistances of these places from the breech are435 
in. (origin of rifling), 5.35 in., 21.00 in., and 35.00 in.. 
(1 in. from muzzle). The distaxiccs from the bore are 

5 

4.35 8.35 
DISTANCE FROM BREECH IN INCHES 

F~culls 9. Mssinlunl tempcraturcs a l  diffcrvnt points of s steel aircmft bayre1 aftcr firing five lO@-rour*d bursts, with 2- 
nlin cooling I-ret15-een bursts. (This figtuc: has sppea~,ed as Figwe 57 in 4DRC Iteport No. A-434.) 
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0.01 in., g6 in., % in. and the outer surface distance. 
The temperatures ?& i.n. from the bore a t  4.35 and 
8.35 in. from the breech are experimental and are 
770 C and 810 C, respectively. The others are esti- 
mated on the basis of other firings. The accuracy is 
5 30 degrees centigrade. At the same four distances 
from the bore, temperatures are nowhere more than 
40 degrees higher than those shown. Maximum tem- 
perature much closer to the bore than 0.01 in. is not 
a t  present, known accurately. 

Here may be seen the uniforlnity of temperature 
over the middle two-thirds of the barrel; the lower 
overall level a t  the origin and muzzle; and the de- 
crease forward from the origin of difference between 
average temperature a t  the outer surface and 0.0:l in. 
from the bore owing to decrease in heat input per unit 
area and in wall thickness. These maximunl tempera- 
tures were not reached simultaneously. At 0.0.1 in. 
from t,he bore the time interval by which they fol- 
lowed the passage of the last of the 500 bullets w-us 
about 0.008 sec, at  j.rs in 0.1 sec, a t  in. 0.4 sec, and 
a t  the outm surface from 2 to 5 sec, depending on the 
wall thickness. 

The very high value of 920 C for mitxirnum tern- 
pcrature 0.01 in. from the bore a t  the origin is note- 
woithy. This is a c:alculated rathcr than an experi- 
mental value. Thcliighest temperature actually mcas- 
urea at  the Geophysical Laboratory in u caliber .50 
steel barrel was the 810 C shown 4 in. forward of the 
origin at in. from thc bore. The highest tempera- 
turc measured in any caliber .50 barrel was 900 C, 
x6 in. from the bore a t  the origin of rifling ot an air- 
craft barrel having a stellite liner, a t  the end of s con- 
tinuous burst of 440 rounds.lob 

Forced cooling is discussed in Section 5.7. It may 
be remarked here that the various methods (external 
liquid cooling excepted) are cffectivc in reducing 
ayerage barrel temperaturcs principally in intermit- 
tent fire. In a continuous burst i t  is not easy to take 
heat froin the barrel and remove i t  to a distance or 
convert i t  to a less objectionable form of energy, ns 
rapidly as it is supplied through the bore surface. 

Ternperaturc in caliber .30 machine guns has been 
studied a t  Aberdeen l'roving Ground,l16 and in n 
0.303 in. Bren gun by the British.3g8 

Automxtic Cannon 

for & given number of rounds, fired. automatically a t  a 
rate of approximately 3.40 rpm, is shown in Table 6. 

'CABLE 6. IIcnting of chamber of 20-mm Hispano gun, 
Mark V, fired long bursts a t  approximately 140 rpm. 

No. of rounds 175 200 225 250 27.5 300 
Tenlperaturerise(C) 234 279 302 325 349 382 

These figurcs ma,y be compared with temperatures 
recorded when firing 25-round burst* a t  1-min inter- 
vals. The equivalent of 24 such bursts produced a 
pcale temperature of 239 C; 15 led to a figure of202 C. 

Tests by the Bureau of Ordnance with 20-mm AA 
guns, while not giving specific t,emperatures, indicated 
that 120 rounds of wltomatic fire result, in a danger- 
ously high temperature. For 40-mm sir-cooled guns, 
45 rounds fired in &round bursts with 15 sec pauses 
between bursts resulted in a temperature too high for 
safety. 

For 40-mm wat,er-cooled guns, ttestjs made at  the 
Naval Proving Ground gave the results shown in 
Table 7 for increaae in t,emperatwe of the coolant. h 

TABLX 7. Tc1nperatul.c of coolant of water-cooled 40-n~ni 
gun after having bcen fired bursts of different Icngths. -- .- 

No. of rounds 50 80 100 150 
T ~ m c  in seoor~tls 25 45 50 80 
'I'cmperat~ire rise (C) 25 41 55 70 

chunge in gun elevation from 0 t,o 60 degrees reduced 
the firing rate slightly but had little effect on the 
water temperature. 

5.5.3 Medium Caliber Guns 

The heating of guns of medium caliber has been 
studied for a numbcr of years a t  Aberdeen Proving 
Ground.' I n  one invevtigation ternpcratures rcsul ting 
from rapid fire in a 105-mm A h  gun, MI ,  were mcas- 
~ r e d . l ~ ~  Following 20 preliminary rounds, series of 58, 
66, 28, and 1 G  rounds were fired a t  varying rates. 
Tcrnperatures merc recordcd by means of thermo- 
couples welded to the gun barrel a t  distances of 0.95, 
7.35, itnd 13.7 ft, respcctively, from thc muzxlc.Maxi- 
mum values reached were 285 C, 300 C, and 280 C, 
respectively. The overall tiine for the 168 rapid-fire 
rounds was approximately 42 min. 

The British reported4" heating rates in a 20-min 
Hispano Mark V gun, in connection with cook-off i These studies have been surnmrtriaed and discussed iI1 
trials. Average rise in external chamber temperature Rallistic Resetlrch Laboratory Report No. 104.186 
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From the heating effects, the temperat;ure rise of 
the gun for rates of fire of 5, 10, and 15 rpln was com- 
puted and thc results plotted. The times for the tem- 
peratures to reach. 600 degrees centigrade above at- 
mospheric near the origin of rif ing were found to be 
approximately 1.00, 35, and 25 min, respectively. 

Similar tests were made with a 3-in. AA gun 
M3.1T9 TWO thermocouples were welded to the gun, a t  
1.08 and 5.21 f t  from the muzzle. After 129roundshad 
been fired in about 8 min, these had attained temper- 
atures of 320 C and 240 C, respectively. ilfter I min, 
during which these remained practically unchanged, 
firing ma8 resumed. One hundred and eighteen rounds 
fired over a period of 15 mi11 result,ed in temperatures 
of 430 C and 360 C, attained 2 nlin after the close of 
firing. At rates of fire of 5, 1.0, 15, and 20 rpm, the  
estimated times for the t,ernperatmc: near the breech 
to rise 500 degrees centigrade were found to be re- 
spectively 100, 38, 25 and 18 min. 

For a 75-mm gun, X11897E3, temperature-time 
graphs werc obtained by rneuns of therinocouples 12, 
36, and 55?4 in. from the lnuezle I!-hen 300 rourlds 
were firr:d a t  a mean rate of 16 rpm.*8' Maximi~m tem- 
peratures recorded were r~llnost i~lent~ical, being320 C, 
328 C, and 328 C. I t  was calculated that a t  the ther- 
mocouple nearest t'he breech, rates ol 10, 15, and 20 
rpm mould result in a temperature of 400 C, in 55,28 
and 19 min, respectively. 

The British have conducted a temperaturti investti- 
gation.*" 7 t h  the quick-firing- 3.7-in. gun Mark VI. 
The data are graphed in Figure 10. The firing was in 
bursts of 10 rounds fired automatically; the ].ate of 
fire during a burst bcing 20 rpm. However, the bursts 
were fired a t  irregular intervals, us sho~vn by the 
figme. In all 1.40 rounds \\-ere fired in about an hour. 

A spring-loadcd thermocouple \\-as used a t  theniue- 
zle; for chumber measurements tn-o spring-mounted 
thermocouples were fastened to a steel tube; this was 
inserted so that contad; was *lade by the tharmo- 
couples with the mall a t  the commencen~ent of rifling 
and a t  the neck of the cartridge case. Ternpcraturcs 
were taken at the end of each burst. The relatively 
rapid heating and cooling a t  the muzzle are clearly 
shown in the figure. The air temperature was 10 C, 
and a high cold wind assisted in cooling the muzzle 
sct:tion. I t  must be noted that the opening of the 
breech for the insertion of the thermocouples hati :L 
marked cooling effect. Maximum t,emperntures \\-ere 
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F I G U ~ ~ K  10. Temperat~urc tneasuruments in 3.7-in. AA 
gun, Mk VT. (From Proceedings of the Orclnance Board 
Xu. 27,004.) 

333 C at the muzzle, 165 C a t  the conlrnence~nent of 
rifling, and 73 C in the second chamber position. 

These experirncntal results have been compared401 
with compatations made by TJicks and Thornhill by 
their mcthod oritlined in Section 5.4.1, using an as- 
sumed aver:lgc r i~ te  of fire of 2% rpm. Since the early 
firings mere a t  a slov-er, and the later ones : ~ t  a faster 
averugr rate than this, the calculated tcmperaturcs 
for th(: nluzzle are high iron1 the sccond burst till rfear 
the end of firing, when they agree well with the meas- 
urements. Computed and measured teniperatures 
near the commencement of rifling agree well through- 
out. 

This theory \\-as extended,401 although with neces- 
sary qualifications, to the estimation of tcrnperatures 
i.n s proposed U. S. Naval 3-in./TO-cal. gun to fire 
a t  a rate of 90 rpm. Upper and lo\\-er. bounds for heat, 
input were assurned. The resulting cstixnated temper- 
ature-time-rounds relations are s l i o n ~ ~  in Figure 11. 
I t  is to be noted that temperatures ncar the origin of 
rifling are calculated for operation with and without 
a cooling jacket. The results indicate hypothetical 
mean barrel temperatures, and give no idea of the 
temperature gradients :LCI.OSS a barrel section. It \\-as 
tentatively concluded that general softening of the 
borc might occtxr near the muzzlc, but would not be 
likely near the origin of rifling; and that it is unlikely 
that more than two or three bursts of 75 rounds each 
could bc fired before the condemning limit; of wUeiLr 
would be reached. 

A more complete study o! thc same 3-in./70 cal. 
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ROUNDS FIRED 

TlME IN SECONDS 

F'IUURE I I. Estimated teinperatures in proposed 3-in./ 
70-cal. naval gun. (From report to Bureau of Ordnance, 
Navy Department, from E. P. I-Iicks and C. K. Thorn- 
11i11.401) 
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FIGUHE 12. Average bore surface temperatwe of 3-in./ 
70-cd. gun firing at rate of 90 rounds per minute, un- 
cooled. (This figurc has appeared as Figure 72 in NDRC 
Report No. A-434.) 

TIME IN SECONDS 

FIGURE 13. Outside surface t,crnperature of 3-ili.170- 
ca1. gun firing at rate of 90 rounds per minute, uncooled. 
(Thie figure has appeared as Figure 73 in NURC Report, 
No. A-434.) 
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FI~URE 14. Avcrltge bore surface temperature of 3-in./ 
70-cal. gun firing at rate of 90 rounds per mi nut,^, water- 
cooled. The origin and ~nidway tempcrature~ are pra,c- 
tically the same as in Fjguxe 12 of Chapter 5. (This fig- 
ure has appeared aB Figure 75 in NJ3R.C 12eport; No. A- 
434.) 

mhzde, where the wall is thin, the average tempera- 
ture for an uncooled gun is little larger a t  the bore 
than a t  the outer surface (Figures 12, 13). Therefore 
a t  either positlion the temperature is nearly equal to 
the mean muzzle temperature, and the agreement 
with Figure 11 is good. But toivard the breech, where 
the wall is thicker, the mean temperature across a sec- 
tion does not give the essential picture. At the end, of 
90 rounds fired in 1 nlin, the average temperahlre a t  
the bore near the origin of rifling reaches 650 C, while 
a t  the outer surface it has not begun to rise. It follows 
that external water cooling has no effect at  th,e origin 
during this time, contrary to what appearsin Figure 1 1. 

The Bureau of Ordnance of the Navy Department 
has measured external temperatures near the muzzlo 
of 5-in. guns during periods of rapid fire. For a 5-in./38- 
cal. gun, fircd 151 rounds in 12% mjn, a rise of tem- 
perature amounting to 375 degrees centigrade was 
observed. For a. 3-in./50-cal. gun thc temperature 
rose 275 degrees centigrade after 98 rounds had been 
fired in about 1.6 min. The rise of temperature during 
the latter firing is shown in Figure 6 in comparison 
with calculated values discussed a t  the end of Section 
5.4.2. Similar calculations have also been made for 
the same gun fired a t  4.0 and 45 rounds per min- 
ute",'o%nd for 3-in. and 90-mm guns fired with dif- 
ferent powders a t  20 rounds per minute. 

5.6 RKl3SULTS OF HIGH 7':EMPERATURES 

5.8.1 Erosion 

The temperature of the bore surface is the general 
gun was later made a t  the Geophysical I~aborat~ory regulator of the changes there which, taken together, 
by methods that did take into account position with- constitute erosion, as is discussed in detail in Chapter 
in the barrel wall (see Section 5.4.2). The principal 13. One of those changes is liquefaction of the surface. 
results are shown in Figures 12, 13, and 14. At the In this connection i t  is important to keep it1 mind that 
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the liquefied material on the surface of a steel barrel 
is a reaction product having a fusion ternperaturecon- 
siderably lomcr than that of steel, as is brought out in 
Section 12.5.3. Therefore there is no essential conflict 
between the observations surilmarized in Section 12.6 
and the calculations of bore surface temperatures that 
had led to thc concl~lsion~~ that "the maximum tem- 
perature of the bori: for all small guns (at conviren- 
tional velocities) remains definitely below the melting 
point of steel, even with the hot FNH-M2 powder 
and under conditions of rapid firing.'' 

5.6.2 Danger of Cook-Off6 

A cook-off may be defined as an explosion of the 
fuze, projectile filler, or propellant that results from a 
high temperature reached by a round after standing 
fur some time in the chamber of a hot gun. 

Xxperimental evidence regarding the danger of 
cook-offs has bct:n gathered from two sonrcss-tests 
definitely set up to deternlinc conditions under I\-hich 
cook-offs occur, and studies of the phenomenon as i t  
took place fortuitously in the coursc of experiments 
designed for other purposes or under actual service 
conditions. Temperature rneasurements in thevarior~s 
trials reported \\-ere made by therniocouples attached 
to the outer surface of the guns. 

Tests on the caliber .30 Colt-Browning MG firing 
ball, M I  ammunition, and on the caliber .50 Rro~vn- 
ing MG were condl~cted in 1l:ngland.Hl For air-cooled 
guns, cook-offs of detonator, filling, or propellant 
were shown to result after long bursts. Bul-sts of 100 
to 200 rounds causcd cook-offs of the fuze and shell- 
filling; bursts of 250 and more rounds led to cook-offs 
of all three compone~its. 111 water-cooled guns no 
cook-offs resulted. 

cook-off occurred after thc firing of only 120 rounds. 
This may have been due to a very high rate of fire. 

Results also vary ~vith 40-mrn guns. Thc lowest 
reported number of rounds causing a cook-off of IT. 8. 
nlnmunition, starting \I-ith n cold gun, is 94. Firings in 
England using British guns and arnmmnition, havc 
been reported to give cook-offs 3 min after the firing 
of 50 rounds, with 3n initially cold gun. As to water- 
cooled guns, a Bureau ol Ordnance letter states "it, is 
bclieved that relatively s~nall danger of a cook-off 
cxists in the water-cooled gun>\-hen t,he coolingsystcm 
is operating properly." 

The British have also conducted trials for propel- 
lant cook-offs in thc 3.7-in. gun, Mark VI, and the 
quick-firing 3.7-in. AA guns, Marks I and 111. li was. 
concluded that one of thc cooler propellants would 
not cook-off in a round lelt in thc gun after a series of 
firings st n rate of 20 rounds per minute and that the 
hotter ones mould be unlikely to do so under most 
circumstances. 

Relatively little inlormation is available on cook- 
offs in larger guns, most of this having been g1e:lesnecl 
from ficld experience or in tests set up for other pur- 
poses. Taking into considcration the dependence of 
heat input on caliber, the following rule-of-thumb for 
heating has been statecl by British authorities: 544 

Thc nclrl~ber of rounds of co~ltin~lorre fire with full chargcs 
thnt will bring guns to the conditions described ss  "hot" will 
vnry with rate of fire snd may be taken to be approxirnlltely 
as follows: 

6-inch and above 80 rounds 
Below 6-inch 30 roullcls 

If u gun has not reached this critical condition no specid pre- 
caution need be observed in lesvir~g a. round chm~zbered. 

5.6.3 Effect of Temperature on Ballistics 
In experimentsh" with coolirig of the caliber .50 

~ C C U R A C Y  DROP FIXOM EXPANSION OF BORE 
maclline gun, gun ten~pera~ture against time to cook- 
off were plotted for 14 observed cases. This showed 
that the time decreases with temperature. No cook- 
offs \\-ere observed at  temperatures below 900 F, 
which was considered a criticd temperature. 

In  a st,udy of the 20-mm Hispano Mark Vgun, tests 
were again made lor cook-offs of the various compo- 
nents. Several different fillings and propellants were 
tested. Some cases of explosions in the lips of the belt 
feed rnechanisnl \\-ere reported. As a r c~u l t  of these 
trials, altlioagh bursts of 175  sounds causcd no cook- 
off s, a niaxirnuni of 150 rounds was recommendetl for 
complete safety. However, in a test of 20-mm ilh 
guns conductled by the Navy, Bureau of Ordnance, a 

I n e n  a gun barrel \\-all reaches high temperattwes 
as the result of rapid fire, the metal expands. If t;his 
expansion is sufficiently great, the engagement of the. 
rotating band of the projectile \+,ttll the rifling of the 
bore diminishes until proper spin is no longer irn- 
parted to the projectile, when tumbling begins. 

It is interesting to coinpare t'he balli~t~ic behavior of 
a barrel with the expansion computed from a meas- 
ured rise of temperature. This has been done for a 
caliber .50 aircraft barrel with a 9-in. stellite liner.70" 
During the firing of 2% 425-round burst, tumbling be- 
came persistent after about round 350. At this time the  
outer surface temperature a t  a distance of 24.0 in, 
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from the breech was 735 C, and the temperature 0.14 
in. from the bore surface was 765 C. Assuming an 
average barrel temperature of 750 C, and a coefficient 
of linear thermal expansion of 16 X lo-" thc increase 
in bore diameter amountcd to 0.006 in. Since the 
depth of rifling in this barrel is only 0.005 in., the 
amount of spin imparted to the bullet would bc small 
because of "skidding," an effect that is illustrated in 
Figure 12 of Chapter 27. 

At less extrema temperatures there is still some 
loss of spin, accompanied by balloting and increasing 
yaw within the gun, resulting in greater extcrnal yam 
and loss of accuracy. This effect in a caliber .50 ma- 
chine gun b~trrel has bcen counteracted to a large ex- 
tent by using a "choked muzzle" obtained by means 
of chromium platc of tapering thickness, as described 
in Chaptcr 23. 

In ballistic lables, pressure and muzzle velocity are 
calculsted for a powder temperature of 7 0 F (21 C). I t  
has long been known, however, that an increase in 
temperature increases the potential and the burning 

rate of the powder (Section 3 . 3 3 ,  giving a greater 
rnuzzlc ~ ~ l o c i t ~ . " ~ ~ " ~  Pressures are also greater. Sincc 
i t  was recognized that in service a powder might be 
fired at  ambient t,emperatures varying from - 50 F to 
+I50 F, this problern IYas studied by the Army 
Ordnance Department. 

Tests were made 2RR with FNH-MI po~vdcr manu- 
factured for 3-in. guns fired in a 76-mm gun, MI. The 
special interest in this experiment was in the low 
temperatures, since service experience had shown 
that dangerous sporadic pressures may arise ~mder  
conditions of extreme cold. Hotvever, tlic tests at  0 F 
and above, while considered "satisfactory and nor- 
mal," showed s definite linear trend of increased 
pressure with rising temperature, as shown in Figure 
1.5. In t,he course of these Lcst,s a procedure mas devel- 
oped and used for ten 76-mrn guns, whereby the 115 
per cent pressure proof-firing \t-\-~ts performed, using 
rounds heatfed to 135 F rather than by increasing the 
charge. If tve assume that the linear trend exhibited 
in Figure 1.5 \vould continue, a powder temperature of 
2G5 F (129 C) would yield adangerously high pressure 
of 145 per ce~it normal. This temperature might well 
be reached by a round left for a considerable time in 
the ch~~mber  of a hot gun. 

VELOCITY IN  F P S  PRESSURE IN PSI (COPPER) 

FIGURE 15. Avc~*age ve1ocii;y and pressure vfi temperature for 76-rnm gun, MI. (By court,e~y of War Department Tech- 
nical Division; High wo,d lolo lemperatura ballislic research, 1st Progress Report.28c) 
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leaving the barrel. Otherwise tumbling occurs. Fi- 
nally, a t  very high temperatures the tensile strength 
of the gun steel fails, the barrel warps and the gun 
jams; in cstreme cases the bullet plows into, or even 
through, the barrel wall, as is illustrated in Figure I.G. 
In  the casc of a stellite-lined barrel, origin erosion is 
inappreciable and tumbling (keyholing) begins rather 
suddenly, with no grcat drop in muzzle velocity. 

In the case of larger guns, this problem of the effect 
of temperature on yield strength has received careful 
consideration. In rapid-fire tcsts of a 3-in. AA gun, 
calculations were made to determine maximum tem- 
peratures permissible at  various distances from the 
breech.lTY These were dete~mined from the expectell 
pressures and the yield points of the gun-steel a t  
elevated temperatures. On the basis of these compu- 
tations, it, was decided to have the crew take cover 
when a welded thermocouple 5.21 in. from the muzzle 
indicated an external barrel temperature of 250 C. 
The actual ternperaturc there a t  which bursting 
might have been expected was approximately 475 C. 
Although the former temperature was maintained for 
a considerable length of time, the latter was not 
reached during the firing, the highest temperature 
recorded by this thermocouple having been 360 C?. 
This temperature w-ss attained 2 min aftcr the firing 
of 118 rounds in 15 min ; previous firing had already 
 reheated the gun to 245 C. 

Similar calculations were made for the 10.5-rnm AA 
gun, MI. Dangerous external temperatures ranged 
from 405 C at  165 in. t o  565 C a t  40 in. from the muz- 
zle. This gun has a liner with a clearance tapering 
from 0.007 in. at  the muzzle to 0.003 in. a t  t'he breech. 
Most of this space is filled with mixed grease and 
powdered graphite when the liner is inserted. 

A number of mechanical effects of raised tempera- 
tures in guns have been listed by the British Gun De- 
sign C ~ m m i . t t e e . ~ ~ ~  h first statement is "The temper- 
atures attained (u maximum external value of 322 C) 
would not permanently affect the yield point of the 
ordinary gun stccls because they are far below the 
tempering temperatr~rcs employed, but the yield 
point of the steels when stressed a t  the rdsed tem- 
perature would be lower than at  norrnal temper- 
atures." 

It was also remarked that uniforin heating mould 
not substantially reduce internal stresses due t,o auto- 
frettage or t o  shrinkage, but "The heating is, of 
course, not uniform and a steep temperatlure gradient 
might have more pronounced effects on stress distri- 
bution. Temperature gradients through the wall may 

be very irregular in guns which have been cooled 
after rapid fire." 

In conclusion therc3 was considered the possibility 
of longitudinal stress. It was pointed out that a tem- 
perature difference of 100 degrees centigrade between. 
the inner and outer tubes of a built up gun might lead 
to protrusion of the liner at  the muzzle. This, togeth- 
er with vircumferential cracking, has been observed 
in 8-in. howitzers, Mark VII; they were, however, 
considered to be poorly designed. I t  has also been 
considered in connection with the design of a 16-in. 
gun.4" I t  is stated that a difference of 400 degrees 
Fahrenheit may cause 3, loose liner to protrude as 
much as 2 in. This may r:ause the liner t o  bell-mout,h 
thus affecting accuracy. It may later prove difficult 
to  remove the liner. Additionally, appreciable hoop 
stresses may be caused by the liner being wedged into 
the taper seating by reason of its longitudinal exten- 
sion and diametrical expansion.. 

5.1.1 Rates of Cooling 

Having examined the rates and sources of heat in- 
put to the gun bore, and considered the distribution 
of the heat in the barrel wall, we turn our attention to 
the corresponding cooling conditions ; in particular, 
we shall look for methods by which the temperatures 
may be held withi11 limit,s which will prevent the 
occurrence of the most serious results of overheating. 

There is no doubt that some heat loss takes place 
from the bore surface; the opening of the breech of 
the gun causes some forced convection there, and 
ejection of the projectile hsssome effect at  the muzzle. 
But in the case of very rapid fire there is little chance 
for the gases within the gun to cool, and although as 
has been pointed there is some reversal of heat 

k Division I., NDRC did not ~inrlertake any extensive ex- 
perimental investigation of the cooling of guns, but limited its 
activities largely to interpreting data obtained elsewhere, in an 
effort to apply them to the problem of increasing muzzle 
velocity without decreasing ba.rrel life. In an effort to facilitate 
the crossflow of information it organized, a t  the iristance oT the 
Army snd Navy, a special Adviso~y Committee on the Cooling 
of Guns, made lip of representatives or the Army Ordnance 
Department, the Air Ordnance Ofice, the Navy Bureau of 
Ordnance, the Navy H~lreau of Aeronzutics, two Division 1 
contractors (Geophysioal Laboratory and Crane Compar~y), 
and Division 1 xta,ff. 'J'his committee held three meetings dur- 
irlg 1945 and two during 1946. Much of the n~nterial in this 
section was presented and discussed nt those meetings. 
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flow, tthis must, have very slight effect and we may 
continue to consider the flow as one-directional. 

On the external surface of the gun there is longi- 
tudinal variation in temperature; commonly the 
thinner muzzle section heats more rapidly a t  first, b11t 
as flow continues through the wall the greater heat- 
input near the origin of rifling result)s in highcr tem- 
pcratures in that region. For our purposes it is con- 
venient to consider the whole out,er surface as being 
at  approximately the same temperature. Cooling then 
takes place by radiation, and by free or forced-con- 
vection. 

Radiation play:., an important part in cooling. It, 
has been estimated1" that "on a windless day, nit11 
the gun at  a t,emperaturhe of 330 C almost SOYo of the 
heat loss is by radiation." Th.e intensity of radiation 
is gi\-cn by the Stefan-Roltzmann la\\', eclnation (41)) 

1 = u(TG4 - Tg4)e,, (41) 

in which TG is the absolute temperature of the gun 
surface, T A  is ambient temperature, and s is the 
emissivity of the barrel surface. If J is in calories per 
seco~ltl per square centimeter, the value- of u is 
1.36 X 10-'? For the examplc just given, we find 
I = 0.1 8 c:ll/cm" If this rate were maintained, a gun 
with a heat input of 18 cal/cm"n one round I\-ould 
have itfs heat dissipated in about 50 sec if we assume 
a wall ratio of 2 and ignore the time of cond~ct~ion 
through the barrel. Of course the radiation r t~te drops 
rapidly with temperature ; but this emphasizes thc im- 
portance of cooling by radiation at  high tcmpcratures. 

Cooling by convection is fundamental1y"exponen- 
tial. Since the cooling rate is proportional to the dif- 
ference between surface and ambient temperature, as 
givcln by equation (42\, 

we obtain the temperature-time equation (43) : 

Since cooling actually results from the two causes 
:~c.ting simultaneously, various empirical relations 
have been adopted to represent the situation. One 
assumptionlfi was that cooling is proportional to thc 
1.23 power of the tcmpcrature difference. Another 
investigator assumed the power to be 5/4 and 
matie cxperimental determination of the pitoportion- 
&lit,y factor for the 75-mm gun, pointing out that this 
is (lcpendent on nind velocity The rcsnlting graphs 

indicated cooling of approximately 280 centigrade 
degrees in 80 min. The temperature a t  the thermo- 
couple nearest the breech did not drop this rapidly, 
indicating greater heat storage in that section. In- 
crease in thickness of the barrel wall giving greater 
heat storage has long been known to diminish max- 
inlunl temperature. Thc limitation of the method is 
obvious ; thc addcd wcight is particularly undesirable 
in aircraft guns. 

5.1.2 Methods of Cooling 

Air blasls. The noticeably improved cooling rate 
occurring during firings made in strong winds sug- 
gested the desirability of using artificial air blasts. 
The weight of other types of cooling equipment, com- 
bined with the obvious possibilities of forced convec- 
tion in flight, made this the natural method for d r -  
craft. Extensive studies of this type of cooling were 
made both in Britain and in this country. 

~h~ cooling system~z,4~1,419,420,430 developed in Brit- 
ain by the Naval Air Fighting Development Unit 
consists of a 2 5 i n .  diameter steel tube surrounding 
the barrel of tthe caliber .50 gun and open a t  both 
ends. An auxiliary tube 1 in. in diameter ent,ers the 
rear portion of the tube and extends to the outside of 
the lower wing surface. One assembly weighs appror- 
irnately 5 lb. The assemblies have been adapted for 
use with a number of types of fighter-planes. When a 
firing cycle of 3-sec bursts at  1-min intervals is used, 
the N.A.F.D.U. cooling t l~be  doubles the accuracy 
and velocity life of chromium-plated barrels and gives 
marked improvement in standard unp1at)ed barrels. 
It will not,, however, be of benefit if continuous bursts 
of 300 rounds are fired. 

A comprehensive program of tests for performance 
of' a variety of cooling devices was carried oud25.x6 for 
t,he Army Air Forces at  North American Aviation, 
Inc. Thermocouples were fastened to the barrels at  
five points spaced a t  5-in. intervals along the barrcl, 
beginning at  a point 5 in. from the face of the receiver. 
Temperatures at  these positions were graphed for 
various times during the firings. These records were 
made for it number of firing schedules with the several 
cooling installations. The cooling devices tested are 
shox~n diagrammatically in Figure 17. 

The second of the thefmocouple positions ~vas 
adopt,ed as a temperature indes for performance; 
occasionally more than one thermocouple mere placed 
there. The performance factor for a given cooler rep- 
resents the number of rounds that can be fired each 
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minutc through a barrel that has already ~-eached a 
temperature of about 900 F, without lurthcr raising 
its temperature apprecia1)ly. Numerical and graph- 
ical methods were established for determining this 
poi~lt,. Some t,ypical values of the performance factor 
are given in Table 8. ,411 enipiricrtl linear relation be- 
t\\resn this factor F and the lcngth I of the permis- 
sible initial burst is given by cquation (4%). 

il single jet cooler was dccidcd upon as most effective. 
Wder Juckels. Cooling of gun bwrels by means of 

\I-ater circulating ithrough 3 jat:ket over the ba,wel 
vras considered and adopted many years ago. Where 
this type of installation is feasible, i t  hns proved to he 
very effective. Water-cooled machine guns have oper- 
ated undcr severe schedules without overheating. In 
some cases the heat, of vaporization is utilized by per- 
mitting boiling off of the water. 

The objectlions to water-cooling arc \wiglit, size of 

TARLE 8. Performance factors of air-cooling devices for 
calibclb .50 aircraft nluchine gull bnrrels fircd200-round 
bursts in still air on the ground.* 

,, 

Per- 
Type of cooler formance 
(See Figure 17) factjoy t 
-1. (3-0 cooling) 
T3. Full muff cooler, at centcr 
C. Full muff cooler, inboard (Cooler against gun 

trunnion collar) 
n. FIalf muff cooler, inbo>~rd (Air inlct near body) 
E. Short muff cooler and sleeve 
F. Short muff coolcr withoi~t sleeve 
G. Long guide type cooler 
H. Short guide typc cooler 
I. Triple jet tube cooler, close to barrel jacket 
J. Triple jet tube cooler, 1-in. distant: from jacliet 
K. Two jet, tubes, radially opposite 
1,. Two jet tubes oppositc, dircctcd tangentially 
bl .  Single jct tube 

Jets aimed at barrel jacket holes 
Jets aimed a t  solid jackct 
Jc.t,s airrled between holes in jacket 
.Jets stinled at  holcs, with P-51.1-1 guille 

K. 15" angular jet tube 
.Jets nimed oppositc thermocouple 
Jets aimed a t  thern~ocouple 

0. Manifold typc coding tube 
Touching jncket, 5; in. fro111 collar 
Touching jacket, 3: in. from collar 
One inc,h from jackct,, 11 in. from collar 
One-half inch from jacket, 3; in. from collar 

P. 3Iodificrl P-5111 guide t,ype cooler 

This table has hccn tnkcn hy pcrmission from the smmmary on IYaeeu 
50 and 60 of Report N.4-85d8, North lmlerican Ivintion, Inc.5'" 

t Thc "Pcrformancc Fnctur" i s  the ~lunlber of routlda that curl be fired 
each mit1ut.e t l lrou~h a barrel thut has alrcady rcachcd n temperature of 
about YO0 F, without raising its tcn~pcrutnre appreciably. 

installation neccseary, ~t11c-l under some conditions, 
difficulty in securing water for the purpose. 

T ~ s t s  hilve recently been made at  the Naval Prov- 
ing Ground on the cooling of 40-mm gun.s by this 
method, as referred to in Section 5.5.2. In addition, as 
mentioned in Section 5.6.2, service reports indicate 
no dangerously high temperatures in thcse guns. 

Tn the 5-in./38-cal. gun tests mentioned in Section 
5.5.3, the effect of external water-cooling by hoses 
\vss tried. After the close of firing, a project;ilc was in- 
serted in the breech. Temperatures under the tjand 
and under the bourrelct rose for about Ci niin after the 
\\-atcr \\,as applied, then fcll off as it co~ltinued to plsv. 

Special Coo1an.t.s. The nse of special coolants has 
often bcerl consitlered. Preliminary tests of a cooling 
device \\.hich irljects liquefied COP into the chamber ol 
a calibcr .50 barrel during firing \yere made at  the Geo- 
physical Laboratory.llWne hundred-round bul.sts, 
l ~ i t l i  a 2-mnin interval between bul-st,s, were t i~ed  in a 
new steel aircraft ba,rrel, using AP-M2 ammunition 
Thc rate of fire averaged 810 rpm. Results shomcd 
apparent improvement over a sinlil~r barrel xvithout 
cooling, but a 'direct comparison with earlier firings 
\!-as impossible because of' three short stoppages in 
the second burst. The amount of COz used during the 
firing of 500 rounds \\?:~s 1.6 lb. 

Injection Sprays. Cooling of the bore by \vet: s\\*ftl)s 
is traclit,ional; and i t  has been suggested that for 
smaller caliber cannon, the tube might be cooled 1)y 
pumping.\vat,er through thc bore between bursts. The 
generttl problem of utilizatic~n of the latent heat of 
vaporization of water has been frequently studied, 
and injection-cooling has now bcen developed. 

The initial work in this development \vss done with 
calibkr .50 barrels by Purdue University for the Army 
Ordnance Department,, using a nonaclueous cooling 
liquid. Although considerable improvement in the 
performance of steel ali'craft barrels \\-:Ls found,'" it 
was not as great as that gained by the use of either :I 
stellite liner (Chapter 22) or chokcd-m~~zzle chromium 
plate (Chapter 23). Some t,est,s by the Ordnarlce De- 
partment \vitth st,ellite-linetl bal-rels and chronzium- 
plated barrels delivercci by Division I shon-ed still 
further improvement in thc former by the use of this 
(levice, but the resuli; -\+-as not obtained in gene~.al. 
\\.it11 chromiunl-pli~tecl barrels. Furthermore, the de- 
vicc was erratic in its performance1 and dccrcased the 
cyclic rate of the gun. 

1 9 few tests on special ba1.1.d~ using this cooling device mTcr.cre 
made by llivisiorl I i t  the Geophysical L a b ~ r n t o r y , ~ ~ . ~ ~ ~  but 
~ucchur~ic:ll ditliculties prevented any comprehensive testing; 
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A silnilar injecttion-cooling device that was more 
~atisfact~ory n~echanically was developed by Purdue 
Un ive r~ i ty~"~  for the 90-mm gun, MIA]., and th.e 155- 
mm gun, MI.. For bores this large it was possible to 
i.mpart rotation to  thc spray in an attempt to disperse 
any tcndencg toward "film" conditions. These cool- 
ing devices were tested at  Aberdeen Proving Ground. 

The nozzle was manutilly positi.oned. Watcr was 
injected a t  a gauge pressure of 200psi. For the 90-mm 

gun a. weight of 0.47 lb of water proved satisfactory 
for a rzltte of fire of 10 rounds per minute. This held 
the temperature to 260 F with very slight tempera- 
ture gradient.  or a higher cyclic rate, 0.60 lb of wa- 
ter seemed preferable. For the 155-mm gun, 1 lb of 
water was injected in a Zsec cycle. At the time of 
writing the tests were being continned. They indi- 
cated favorable results for. this method of cooling as a 
means of reducing erosion. 



Chapter 6 

BORE FRICTION 
By William S. Berzedict~ 

6.1 INTKOUUCTION 4). ,4s a preliminary, we shall discuss in general ternls 
6.1.1 Nature and Importan.ce o.C 

:Bore Friction. 

T HE IDEAL GUN \ ~ - o ~ l d  be one in 11-hick all the avail- 
able energy of the ponder was transformed into 

kinetic encrgy of the projectile. Unhappily, as pointed 
out in the discussion of the general problem of hyper- 
velocity (Chaptcr 1) and morc particularly in Section 
3.5, actual guns fall far short of the ideal, and even 
short, of t,he snore i~tt~ainable goal of an eficicnt theer- 
rnodynamic cngine, in several respects. One principal 
sol~rce of inefficiency, thermal losses to the bore, has 
been discussed in the preceding chapter. Another 
most; important causc of diminished performance in 
new guns, a, factor of some importance in their ero- 
sion, and a prime factor in t,Iieir erratic behavior, is 
the subject; of the present chapter, bore friction. 

Ijndev the heading of bore friction it is customary 
t o  include all the forces that oppose the acceleration 
of t'he projectile, counter to the force exerted on the 
base of the projectile by the pressure of the pan-der 
gas. We \\ill express the friction as the force per mlit 
area that resists the accelerating pressurc on the basc 
of the proje~t~ile, arid denote il; by P,., usually in units 
of thousands of pounds per square inch, klb/in.? If 
the inertial muss of the projectile is m, t,he cross-sec- 
tionel area of the boro A, X, the coordinate of the 
projectile relative to the gun, and Px the pressurc on 
the base of the projectile ~ \ l ~ e n  i t  is at  X, equation 
(1) is thc fundalvei~tal one b?- which v-e define tmhe 
f rict,i 011. 

m, $1 
p,= -- - + Px. 9 dt' 

The largest port,ion of this chapter is concerned 
11ith th: met,h.ods of deliermnining the accelerating 
pressure, the base pressure, and thcir tlifference, 
which js the resistling prcssure or bore friction; and in 
describing thc results obtnined i11 measuring thesc 
quantities in tthe ballistic firings carried out as part 
of the program of Division 1 at Carderock (Chapter 

the nature of the various forces that may be expected 
to contribute to the resisting pressure. 

6.1.2 Componewt Forccs Appearing as 

Bore Frictionw 

At the commencement of motion, in guns employ 
ing conventiowsl banded projectiles, the resisting 
pressure will be high. cornpared to the accelerating 
pressure. At the very start, with fired anmlunition, 
the projectile must be released from the case into 
which i t  is crimped. Then folloivs the engraving peri- 
od. The force required to engrave the rotating band, 
as determined f om "static" tests in which the pro- 
jectilc is slowly forced through thc rifling in a testing 
machinc, ranges from 2 to  20 klb,/in.': The force is re- 
quired to "engrave" the soft metd  of the hand by the 
process described in Section 7.3.5 and to overcotne 
surface-to-surface friction between the band :ind the 
bore surface. In guns in which the projectile is ram- 
med home against the forcing cone these cngraving 
resisting forces will be operative a t  the very start, so 
that the velocity of the projectile is zero as i t  enters 
the forcing cone, and the starting friction during fir- 
ing shor*ld be equivalent to that determined stati- 
cally; in most guns 117itl1 fixed t~inm~~nit,ion, however, 
the projectile mill have traveled on the order of a 
tenth of a caliber and have acynircd an apprecir~ble 
velocity before engraving begins. Tn all cases the ve- 
locity mill increasc during engraving. Wit11 increased 
velocity the resistance to plastic def'ormution will de- 
crease, rind hence the engraving friction \\-ill fall be- 
lo\\- that found statically. 

After thc defornlntion oC the bsrld to fit the grooves 
of the rifling is conlplete, the passive resistance gen- 
crated at  the band clecreases greatly, being now due 
princip~lly to surface friction. (In guns with increas- 

~eopllyPicn,l ~ , ~ b ~ , . ~ ~ ~ ~ ~ ,  In8t~t, l t ion of TJ7n,shing- ing twist engraving continues throughout the travel ; 
ton, :krld Natio~1:jl lji~rcall of Sta~~dards. in most, guns i t  is virtually conlplete .after the rear. 



of the band has entered- the region of constant land 
diameter.) The surface compon.ent of friction P,. is 
proportional to 13, the pressure of contact of the 
surfaces (band pressure), as expressed by 

4jhPh 
P,, = - D ' (2) 

where h is the length of band, 11 thc tubc diameter, 
and f the coefficient of friction. As discussed in Chap- 
ter 7, l'b depends only to a slight extent on the pow- 
der pressure; i t  is morc a function of the relative 
dimensions of band and tube, and is nearly constant 
over the length of thc gun, decreasing somewhat tlo- 
wards the muzzle. For most bands Pb is of the order 
of 50 to 70 k lb /k2 .  The coefficient of friction f, as is 
~vcll known,"' tends to decrease rapidly below its 
static value (which for copper-steel js of the order of 
0.1) with increasing velocity ; i t  should also depend 
on the condition of the bore and band, being de- 
creased by lubrication of the bore, and decreasing 
further if a surface layer of the band should melt. The 
theory of the heating of rotating bands45 indicates 
that melting of the band surface occurs in many guns ; 
this is confirmed by the known facts of coppering of 
the bore surface (Scction 10.5.4) and by direct meas- 
urements7%f thc interface temperature. Thus, f and 
P,., will be comparatively low for much of the travel; 
the latter probably below 1 k1b/h2. 

As the projectile acquires velocity, however, other 
factors will enter to increase P7. With increasing wcar 
on the band, and especially in partially crodcd guns, 
the projectile cannot remain ccntcred in the tube. 
The bourrelet mill come in contact with the bore at  
irregular intervals and with varying intcnsity. In cx- 
tremc cases this leads to "body cngraving," wherein 
impressions of thc rifling are found to considerable 
depth. (The relation ol this phenomenon to muzzle 
erosion and gun performance is discussed in Section 
10.4.10.) Such bourrelet-bore and body-borc contacts 
result in contributions to P,, whose magmitude cannot 
be estimated in advance, but which may vary consid- 
erably in time and intensity from round to round. 

leaked past. The compressed gas will flow out of the 
muzzle, but its rate of flow cannot exceed the velocity 
of sound (].,I00 fps when unheated by compression). 
Hence after the projectile ve1,ociLy exceeds 1,1.00 fps 
the back pressure due to the gas becomes increasingly 
important; for an average gun, with a muzzle velo- 
city of 2,500-3,000 fps, the resisting pressure due to  
compressed gas at  ejection may be of the order of sev- 
eral hundred pounds per square inch. 

6.1.3 Typical Friction Curves 

In ~nosl; systems of interior ballistics (Scction 3.2.2) 
it is found convenient to divide l', irlto two portions. 
The relatively large resisting pressure during engrav- 
ing is set equal to the starting pressure Po; it is as- 
sumed that no motion of the proj~ct~ile occ'ms until 
Px = Po. Thereafter i t  is assumed that Pv is a con- 
stant fraction c of Px. I t  is apparent Srorn the discus- 
sion given that this rcprcsents a considerable over- 
implification of thc true course of the friction-time 
or friction-travel curve. The situation is illustrsted 
graphically in Figure 1. A typical pressure-timc and 
pressure-travel curve for the 3-in. gun arc there pre- 
sented. The friction, as determincd by nlcthods which 
are described later, is seen to follow the general course 
outlined in the preceding discussion. When plotted as 
a function of travel, the high cngraving friction is fol- 
lo~ved by :I. rapid decrease to a much lower level. The 
conventional friction, with Po = 4 klb/in.' and c"'= 
0.04, is plotted as the dashed curves. I t  is seen that 
while there is considerable difference in the friction- 
time curves, the areas under the friction-travcl curves, ' 
which determines the energy expended in overconzing 
friction, LLS given by 

Ef = A. P,dX7, 1 (3) 
are not greatly in divergence. I t  is further to be noted 
that except during engraving the friction is very 
small relative to the pressure, and that therefore, in 
order to determine i t  with ilny degree of accuracy, all 
the experimental factors entering into its calculation 
must be known with great precision. 

6.2 METHODS OF DETERMINING FRICTION 

BACK PRESSURN OF GAS 6.2.1 General Discussion of 
Available Methods 

As the projectile moves down the tubc, i t  com- 
presses the gas ahead of it, both the originally present Having skctchcd the general features of thc prob- 
atmosphere and m y  powder gases that may have lem of bore friction, wc now discuss the methods by 
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F I C U H ~ ~  1. Typical curves of prcasure and friction vcl.sus tinle 2tnd lravel, 3-in. gun. 

\vhich i t  may be determined. Thc most satisfactory 
method \voulcl be by direct application of equation 
(I), mcasllring the base pressure, the acceleration, or 
t,heir difference, by suitably loaded gauges mounted 
in the projectile. Such rneasuremcnts have becn at- 
tempted4")ut reliable results have not been attained. 
Yot quite so direct, but apparently capable of greater 
precision, are other lncthods 11s.sed on eq~rstion ( I ) ,  in 

which the basc pressure is inferred fi*ollr presswe 
met~surements made by g:tuges located at scvcrsl 
positions along the bore of the gun, and the accelcra- 
tion is determined from differentiations of n curve by 
locating the projectile wit11 great accuracy as :L flmc- 
tion of the time. Finally there are indirect methods, 
by which the friction, possibly avcraged over a por- 
tion of the gun, is inferred from other rneasurcments, 
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such as the heat input to the bore surface or the 
strains in the tube wall. In using these indirect meth- 
ods B distinction must be drawn between nonballistic 
conditions, in which the frictional forces may be iso- 
lated for study, and ballistic conditions; only in the 
latter are the results truly meaningful for the firing 
process, but it is extremely difficult to separate the 
observable results due to friction from those due to 
the action of the polvder. 

6.2.2 Indirect Methods 

The study of band pressure and related stresses is 
described in more detail in Chapter 7, and need only 
be mentioned at this point. The quasi-static push 
tests,"~114-116 of 37-mm and 75-mm projectiles of vari- 
ous band designs are of fundamental importance in 
relating the magnitude of the engraving friction to 
the band dimensions and design, but give only an 
upper lixnit for the actual values of P, t o  be encoun- 
tered in firings. The rnathematical-theor~~~-~~~~~ of the 
stresses in a gun tube during firing contains relations 
from which the friction may bc deduced from simul- 
taneous measurements of the axial and tangential 
strain in $he barrel as is described in Section 7.1.4. 
The friction is, however, a second-order effect and no 
estimates of its magnitude of any accuracy have as 
yet been obtained from rtvailablc strain data. 

~ e i s u r c m e n t s ~ ~  of the temperature rise in the bar- 
rel and at the band-bore interface have been made 
when standard ball M2 bullets were forced through 
sections of caliber .50 barrels. Both nonballistic tests, 
in which a falling weight and piston arrangement 
forced the bullet through the bore at velocities up to 
60 fps, and ballistic firings, with standard and re- 
duccd charges of IMR powder, were performed as de- 
scribed in Section 5.2.2. Their principal aim was to 
evaluate the contribution of the frictional heat to the 
observed heat input in caliber .50 guns; but it also 
appears possible to determine the resisting pressurc 
from experiments of this type, as may be seen from 
the following considerations, based on a report45 on 
the theory of the heating of rotating bands. 

The cnergy of friction Ei, dafincd by equation (3, 
will appcar as heat generated at the interface, to the 
extent that lJT represents bore-band friction. I t  will 

flow into the bore (which is cold at the moment the 
band reaches it) a t  s rate dQib/dt and into the band 
(which rapidly heats up) a t  a rate dQr,/dt. The tem- 
perature of the interface or band surface, T,, de- 
pends on these rates and the thermal constants and 
history of both surfaces. Considering the interface to 
be a smooth cylinder, of diameter Z) and band length 
21, the rate of heat producttion per unit area of inter- 
face, 

The amount of heat produced at any point equals the 
rate times the contact time, b/V. In the customary 
English units (Q in ~al/in.~-sec ; P,in klb/in.", this is 

If the friction is not produced uniformly a t  the inter- 
face (it will be greater along the top and driving sur- 
face of the lands than in the grooves in all guns), 
equation (4) must be modified, but equation (5) will 
hold. Assuming the band to be a source of uniform 
temperature T,, we have 

and T ,  in turn is determined by the integral 

The simultaneous solution of equations (4), ( G ) ,  and 
(7), given P, and V as functions of t ,  permits the deter- 
mination of T,, Qfb and &,; conversely, if T, and V 
are known, Pr and the Q's may be determined. 

In the falling-weight tests, V, T,, and Qjb were de- 
termined, the two last being in agreement under the 
theory just sketched. We find that under the condi- 
tions of these experiments Qsb and Qrp are nertrly 
equal, so that the average 

P - ' '  
= 3.891,. At V = 40 ips, P. = 15 ' - .5 X 1.046 

klb/in.\ ;ad at V = 60 fps, P, = 12 k1b/inm2. 

In the ballistic firings T ,  was measured, but since 
the time-travel relations of the projectile are only 
approximate, and pressure data are lacking, it is not 
possible to  say more about the friction than that it 
was sufficient to  raise the maximum temperature in 
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the interface to the melting point, which would cor- 
respond to a P, of 3 to 10 k l b / k 2  during cngraving. 
Further detcrminntions of interface tempcratures in 
co~ijunction with other ballistic and heat-input data 
might lead to valuable results in evaluating friction. 

6.2.3 Direc t  Determination by 
Projectile Gauges 

Piezoelectric ga~ges~,~"or the direct measurement 
of borc friction, acceleration, and base pressure and 
their. methods of use are described in Sectior,l 4.5.3. 
Further mention should here be made of the bore 
friction gauge, which \\-as essentially a pressure gauge 
mounted in the base of the projectile. An accelcrated 
pressure gauge mill measure not the pressure applied 
to the piston, but the difference between the pressure 
and the force per unit area needed to overcome the 
inertia of the piston. By c:onstructing the piston so 
that the ratio of its mass to cross section equals that 
of the projectile, thc force exerted by the piston on 
the crystal becomes proportional to the difference 
between the acceleration of t'he projectile and the 
presslire exerted on its base, that is, to  the friction. 
Acceleration and base pressure gauges were similar, 
wit11 effectively infinite and zero'mass of the piston, 
respectively. 

The pcrformunce of the gauge did not equal the ex- 
cellent principle of its construction, mdnly because 
of distortion of the signal. Some numerical results for 
the friction in a 20-mm I-Tispano-Suiza Ah. gun were 
~bt~ained;  the maximum P, for a number of rounds 
averaged 9.4 klb/ia2, and the friction quickly fell 
from this peak value attained in the first millisecond 
of travel to about 1.4 k lb /h2 .  These numbers are ex- 
tremely uncertain; the i'r.ictio11-time curve was not 
reproducible froni round to round, and showed sev- 
er:d sharp peaks, dropping nearly to zero, during the 
engraving period. If the difficulties of preventing 
spurions gauge vibrations and false signal pickup due 
to ionization could he overcome, tIllese methods might 
he of considerable use. 

Naval 3-in. gun, Mark VII,  and of an experimental 
37-mm gun, T47, was thc determination of the fric- 
tion. These firings are described in Chapter 4 ;  we mill 
here recapitulate the methods of obtaining and inter- 
preting the data relative to  the friction. The subsc- 
quent sections of this chspter present and discuss a 
few of the results. 

The acceleration of the projectile was detcrmined 
from either the position of the projectile, or the posi- 
tion, velocity, and acceleration of the gun in recoil. 
The recoil is proportional t o  the displacement of the 
projectile if the po11-der and PO\$-der gas move uni- 
formly and if there is no resistance due to the recoil 
brake while the projectile remains in the gun. 

iinalysis of the.recoi1 data, as obtained by the vari- 
ous instruments, leads to the conclusion that the dif- 
ferentiating jnstrhuments (rotary velocimeter, linear 
~elocimet~er, ~nut~ualinductance differentiator, crystal 
accelerometer) do not give results that may be ap- 
plied to the determination of friction, probably be- 
cause of vibrations in thc gun or instruments. The 
step-by-step recoilmeter, however, gives results that 
are in excellent linear relationship to the best deter- 
mination of projectile position, after the first 6 in. of 
projectile travel, indicating that the recoil is essen- 
tially free and that the poll-der and gas are essentially 
uniformly distributed. 

The recoilmeter data, while of good accuracy, are 
not so extensive as the displacement data obtained 
by the micro~vave interferometel.. Hence the latter 
are t o  be preferred in computing friction, ivllen they 
have been obtained with good reliability, as in the 
3-in. gun; but the recoilmeter tippears to be a simple 
and useful instrument, by which a nunlber of points 
on the displacement-time curve lntty be obtained. 

The micro\!-ave int,erferonletcr gives essentially a 
continuous record ol the projectile displacement, 
11-ithout modifying the projectile or gun in +ny signifi- 
cant may. In  the 3-in. gun the projectile position was 
located at  over 100 points per round from the start of 
travel to about 1 f t  from the muzzle, with a relative 

6,2.4 Semidirect n e t e r m i r ~ a t i o n  f rom 
accuracy of :zbout 0.003 Et. The absolute accuracy :LS 

13allistic Firings 
judged from the agrec~nent of the micro~vave wit11 the 

The classical mt:thod of determining friction re- position given by barrel and ejectio~i cont~kcts may be 
mains the best current one; that of analyzing ballistic no better than 0.02 ft ; howe~rer the relative accuracy 
data corlcerning the pressure of the po~vder gas and is the more significallt in determining the accclera- 
the position of the projectile. One prime objective of tion. The time of arrival of the projectile at  each point 
the ballistic firings"Y."-1°R,116~1~l~l:~' at  ;tarderock of a can be measured with an accuracy of 2 microseconds. 



Prom these data it shollld be possible to determine 
the acceleration with an accuracy of about 3 per cent 
( 5  10 ft/sec-n~sec). This corresponds to an uncer- 
t,ainty in P, of & 0.5 klb/in.2. I t  is obviously neces- 
sary and desirable to reduce to a minimum the per- 
sonal factor and the accidental introduction oi error 
in carrying out the double differentiation of the dis- 
placement-time data. Various methods of graphical, 
numerical, and analytical differentiation have been 
tested on the data for consistency and reliability. 
These are described in detail in the original reports 
and cannot be evaluated here. I t  is believed that least 
error is introduced when the displacement data are 
plotted as deviations from a "master curve" whose 
first and second time derivatives are known with ab- 
solute accuracy. Inasmuch as all similar rounds in a 
gun show nearly identical displacement-time curves, 
the deviations in displacement for any given round 
may be plotted on a greatly expanded scale, permit- 
ting increased accuracy in smoothing the experi- 
mental points and in differentiation of the smoothed 
curve. The smoothed curve may be drawn so that the 
velocity at  the muzzle equals the velocity as deter- 
mined by measurements down the range. A correc- 
tion of 1 per cent or less, which may be attributed to 
the accelerating effect of the gaseous blast after the 
projectile has passed the muzzle contact, must some- 
times be applied in order to bring the internal and 
externd velocities into best agreement. The smoothed 
curve may be 1oca.ted by least-squares methods, in re- 
gions where a simple andytical function may be used 
Qo represent the travel, as for example when the pres- 
sure-time, and hence the acceleration-time, curve is a 
linear or quadratic function. After the smoothed 
curve has been located on the deviation plot, itjs first 
and secondtime derivatives are found by graphical or 
numerical methods; these added to the known first 
and second derivatives of the master curve give the 
velot:it,y and acceleration of the projectile. 

In  the 3-in. gun, the gas pressure was measured 
silnultaneously at  four points along the barrel. The 
pressure on the base of the projectile is determinable 
by an, extrapolation of the pressure-displacement 
curve from the gauge positions to the base. According 
to the Kent-Hirschfelder theory of gas flow and pres- 
sure distribution in guns referred to in Section 3.2.2, 
and according to a large number of similar theories to 
a degree of approsimatjon smdl compared with the 

experimental uncertainty, the ratio of pressure at any 
point to  the base pressure Px is given by equation (8), 

in which Cis the weight of the chitsge, it1 is the weight 
of the projectile, and 74 is the ratio of volume between 
the point and the breech to thc total volume between 
breech and projectile. By equation (8) we may thus 
cnlculate PX from the observed P at  any gauge, and 
the knob\-n position of that gauge, as a function of the 
position of thc projectile. When several gauges are 
recording simultaneously, the average calculated 
value of PX may be used. In case the observed pres- 
sures at thc several gauges consistently disagrec with 
equation (8), a. similar relation, with an empirical 
constant r(v) replacing C/2M may be used. 

Raving obtaincd the accelerntion and the base 
pressure by the methods just sketched, the friction 
follows irnmediatcly by equation (1). Care must be 
taken to adjust the mass m of the projectile for the 
rotation of the projectile 2nd the recoil of the gun, 
if thc accelerations are computed I-elative to the 
gun. 

6.2.5 Smoothed Determination from 

Ballistic Measurements 

When applied to most, existing sets of ballistic data, 
the procedures of Scction 6.2.4 yield results lor the 
friction which are quite erratic in time, and negative 
values,tvhich are physically absurd, are oft8en encount- 
ered. This is the natural result of having tlo determine, 
even f rob data of quite high acc&acy, a small differ- 
ence between two much larger quantities, ~vhen there 
is some arbitrariness in determining one of tthese (the 
acceleration). In order to arrive at more reasonable 
values of the friction, it is Srt:quently desirable to 
apply the follo\ving procedure, which has been termed 
the "integration method." 

The "free velocity" V f ,  which is the velocity the 
projectile ~vould acquire mere there no retarding 
f orce, 

may be accurately evaluated from PI  by equation 
(9). Then the corresponding "free travel" Lf may be 
found from it  by rneans of equation (10) 

(10) 
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The "retardation," defined by equation ( l l ) ,  is 

much smaller (from .05 - .25) than the observed 
travel L, but may be calculated with cclual precision. 
By plotting :ag:~inst time not the obscrvcd travel, but 
the retardation, we obtain both a smoothing of the 
travel data, by increase of scale, and t,he asswance 
that the friction will be everywhere positive, if me 
draw the curve through the obscrvcd points always 
concave upwards. Tu-o differentiations of the smootll 
retardation-time curve give in turn the "retardation 
velocity" Vr and the friction T-',, in accordance with 
cyuations (12) and (13), rcspectivcly. 

That is, by subtl.ac,ting out the base pressure bgfore 
plotting and dou~bly differentiating the travcl \Ire ef- 
fectively smooth the data. Hence this method would 
appear to be the preferred means of determining fric- 
tion. 

6.2.6 Deter:mination of Average Fcict io~l  

Jt is to  be noted t,hat two principal determining 
[~aramet,ers of the retardation-time curve, namely, its 
value A\,,, and limiting slope I/,, a t  ejection, do not 
depend on any internal travcl data, but are given by 
the pressure-time curve, the knoivn length of the gun, 
and the observed nluzzle velocity. Hence tn-o con- 
stants t'hat chars~cterize the average friction may be 
determined from these data alone, if a constant t i~nc  
relationship for the f~ict~ion-time curve may be as- 
sumed. Simikirly three constants chars~cterizing thc 
average friction rnay bi: c:~lculat~ed froni the pressure- 
time curves, the muzzle velocity, and one internal 
travel point. 

For csample, it was foundl1"h:tt :i fairly good ap- 
prosirnation to the friction in thc 3-in. gun was ob- 
i;ained by expressing it in terxns of three constants, 
the engral-ing hiction l',,:, the intermediate friction 
P,?, and the muzzle friction P,,. These are consistent 
funct,ions of the reduced time t', the fraction t / f o  of 
the ohserved time to the total time to from start to  
ejecbion. The assumetl functions arc given in equa- 
tions (14). Thc thrce P,'s may be calculated from 
X,.,, V ,,, anclXr at t' = 0.5. 

P, = P,,1'/0.15 ( O < L f < 0 . 1 5 )  
= P,, (0.15 < t' < 0.25) 
= P,, - (P , ,  - EL)(/' - 0.25)/0.15 

(0.25 < t' < 0.40) (14) 
= Pr, - (P2% - P,*,L)(lf - 0.4)/0.3 

(0.4 < t' < 0.7) 
= lArVL (0.7 < t' < 1.0) 1 

,1 function similar t o  (l4), with P,, = P,,, is sug- 
gested as a suitable two-constant equation of general 
applicability, to  calculate the friction from the pres- 
sure-timc curve and the muzzlc velocity. The equa- 
tions yiclding the P,, and P,,, arc then: 

MVm P,, = - X .m V,, 
$4 to 

8.675-.- - 2.940--, (15) 
Vmto V ,  

MVm Tr XTPpL 
PPm = 8n~, 2 . 5 7 0 2  - 3 . 2 1 3 ~ .  (It:) Vm Vntt~ 

6.2.7 Correlation of Friction with Other 
Ballistic Measurements  

In Section 6.2.2 i t  was pointed out how the friction 
may be roughly inferred from measurements of strain 
or heat input. The more accurate methods may be 
checked against such measurements. For esample, if 
friction has been determined hy the methods of Sec- 
tions 6.2.4 or 6.2.5, from the results we may calculate 
the heating and melting of the rotating band ; this in 
turn should correlate with observat,i,ons on thc b:md 
pressures and the coppering of the gun. The hr:at in- 
put due to friction may be calcul:~ted, and is to be 
considered in any thcoretical accounting for the ob- 
served total heat input, as determined either by dircct 
measurement of the temperature rise at  various posi- 
tions along the gun, or by indirect cdculation of the 
energy losses from the powder gas. 

If a series of projectiles of varying band diameter is 
fired, there should bc n correlation ni th both the ob- 
served friction and ban.d pressures. Any irregularity 
of the bore diameter as revealed bv star-gauging 
should bc reflected in the friction at  that point. Thus 
in any comprehensive series of ballistic measurements 
the observation ant1 correlation of these int,erlinked 
factors should be sought. 

6.3 RESULTS-3-:CN. GUN 

6.3.1 Experimental.  Condi t io~is  

The app&ratus and meth.ods by which were ob- 
tained the data necessary for ,the determination of 
friction in a 3-in. gun have been describccl in dctail in 
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Chapter 4. The constants of the gun have been listed 
in Section 3.4.3. The rifling of the gun was of twist 
increasing from zcro a t  the origin of rifling to one 
turn in 25 calibers a t  the muzzle. 

Of the 87 rounds fired from this gun a t  Carderock, 
approximately 35 were suitable for the determination 
of friction by the methods outlined in Sections 6.2.4 
and 6.2.5, in that experimentally reliable pressures 
were obtained a t  four positions along the gun, the 
position of the projectile was accurately located by 
the rnicrowavc interferometer, and the muzzle velo- 
city was known from the range solenoids. These rounds 
may bc classified by the type of powder (NH, fired 
in the "Second Series"" from October 1943-May 
1944, or Pyro, fired in the "Third Series"'32 from 
October 1944-April 1945) ; by the fractional weight 

of service charge (1.0, 0.9, 0.8, 0.7, 0.6, and 0.5 for 
N H ;  1.0, 0.75, and 0.5 for Pyro) ; by the condition oi' 
the bore surface ("greased" when the surface was cov- 
ered with a thin coating of heavy gun grease between 
firings; "dry" when the surface ma,s untreated be- 
tween rounds, which were fired at  intervals of from. 
two hours t o  several days, with no L L ~ a r m - ~ p "  
rounds) ; or by the initial position of the projectile 
("advanced" when it was uncrimped from the shell 
case so that the rotating band mas ra,mrned against. 
the forcing cone; ('normal" when i t  was left in place, 
giving it about 0.4 in. of run-up). Each change in 
these conditions altered to some extent the pressure- 
travel curves and the muzzle velocity, and hence the 
friction. Among rounds with identical conditions, 
variations al,so appeared. 
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TlME TO EJECTION IN MSEC 

FIGURE 3. Pressure-time curves for grensed and dry rounrls, 50 per ccnt charge, t,hird sc1 . i~~  in 3-in. gun. (NDRC Report 
A-460, Figure 36.) 

TlME FROM EJECTION IN MSEC 

FIGURE 4. Projectile displaccn~ent-time curves, ~nicro\~avc data, second series in 3-in, gun. (XDRC Report A-323, Fig- 
w e  32.) 



138 BORE FRICTlON 

6.3.2 Typical. l3asi.c Data 

The basic data for the determination of friction are 
the pressures and the projectile displaccment. The 
pressures mcre measured a t  hole 1, located in the 
chamber, 12.3 in. from the breech; at hole 2, 8.9 in, 
beyond the start of rifling or 116.9 in. from the muzzle; 
at hole 3,75.3 in. from the muzzle ; and a t  hole 4,35.0 
in. from the muzzle. The pressures wcrc read from the 
oscillograph records at intervals of 0.3 mscc or less, 
and have been graphcd as smooth pressure-time 
curves. A typical set of such curves, for a full-charge 
"dry" round of the third scries, has ~lrendy been pre- 

sented as Figure 2 of Chapter 4 ;  additional typica.1 
sets, for a full charge "greased" round of thesecond 
series, and 50 per cent dry and greased rounds of the 
third series, are exhibited in Figures 2 and 3. 

A reproduction of the oscillographic recording of 
the microwave interferometer for a 70 per cent dry 
round of the second series, has been, shown as Figure 
3.5 of Chapter 4.Aplot of displacement from the &n- 
zle versus time, for dry 100 per cent, 70 per cent, and 
50 per cent rounds of the second series, is shown in 
Figure 4. From plots of thc type illustrated the pres- 
sure ttnd displacement may be read at cvenly spaced 
timc-intervals, and pressure-travel curves plotted, or 
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DISPLACEMENT FROM MUZZLE IN FEET 

FIGTJRE li. Pressure-t;ravcl clrrvcs for ssmc rounds as Figurc 3. (NDRC Report -4-460, Figurc 39.) 

t,~~hlesh of both functions constructed. The pressure- 
t,ravel curves for the ro~mds illustrated by Figures 2 
and 3 are exhibited as Figures 5 and G. 

As the first step i11 computing friction from the 

Tables in  \\-hich the prcssurc nnd ilispl,zccmcnt; from the 
inuzzle are given a t  intervnls of 0.5 msec are given in h'DI-1C 
lZeports A-323G5 and A-460;132 those rcport,s also list thc tinlcs 
oE arrival of the projectile a t  the displiicements corresporrding 
to each of the 71. rnaximn, and mininla, of the rnicrowa.ve, for 
several rc~linils. For some purposes, for cxalnple in applying the 
"integration" method for cleterrnirling frictior~, i t  is more corr- 
verlient to have the PI.CSSIII.C end travcl lroln the starting posi- 
tion tabulated a t  :t fixed number of even time-intervuls. Such 
tables may be fourld in  NDRC Report A-441 ,"" a t  20 v.zlr~ek ol' 
the rcdnccil time 1' cvcnly spaccd from the starting time to 
ejertior~. 

basic data, the pressure rnust be cstrapolated from 
the observing gauge positions to the base of the pro- 
jectile. It is clear from u cornparison of Figure 3 iu 
Chapter 4 and Figure 5 of this chapter that there lvss 
a considerable difference in the magnitude of the 
pressure drop down the barrel between the tu-o rounds 
dcpictcd. This difference recurred ~onsist~ently be- 
t~!-een rounds of the second scrics, in which, for esam- 
ple, the average ratio P1/P4 for all full-charge rounds 
when the projecttile mas 2 ft from the muzzle )\-as 1.31, 
ant1 rounds of the third series, in 11-hich t,l.re corre- 
sponding ratio IVBS 1.14. The average pressure ratios 
for the two series are plotted against projectile travel, 
and cornparedwith the simple theory [equation (8)j in 
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Pl 0 - S E W D  SERIES 
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FIGURE 7. lJressure ratios versus travel, 3-in. gun, second and third series. (NDRC Rcport, A-441, Figure 1,) 

Figure 7. The t,heory represents the results of the error should not have exceeded 5 per cent or 1,000 p i .  
third series quite IV-ell, and is used for the extrapola- T ~ b l e s  of P x  have been i . ss~ed."~  
tion to the base of the projectile; for the second series 
sn  empirical extrapolation was required. Since no 6.3,s Typical Results for Friction 
theoretical explanation of the wide discrepancy in the - 
pressure-drop behavior in the two series has been A determination of friction by the method which 
offered, i t  is most probable t,hat there is an experi- appears most reliable, namely the integration method 
mental uncertainty in onc set of data, although the of Sectiorl 6.2.5, is illustrat,ed for a typical 100 per 
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cent dry round of the third series in Figure 8. The re- 
tardation X, is plotted in ttwo segments in order to 
permit a more expanded scale. The first segment runs 
from the start, a t  about 8 msec before ejection, to 4 
msec, when the free travel is 1.966 ft, the observed 
travel 1.633 ft,, and hence the r~tardat~ion 0.333 ft,. 
The retardation velocity has increased from 0 to 
172 fps in this interval. From 4 msec to ejection Ti, 
further increases to 271 fps, corresponding to V, 
= 2,728 fps; in this time interval instead of X:. me 
plot X1.1 = X, - 271t. Each measured microwave 

point is plotted; these fall closely upon the smooth, 
concave-upward curves dram to represent Xr. The 
deviutions in X, are less than 0.005 ft, except for B 

few points nearest the muzzle. The curve, however, 
does not intersect the X,' axis at  t = 0;  the deviation 
of 0.024 ft, equivalent to 9 msec, represents a typical 
experimental discrepancy between the location of the 
projectile as given by the microwave and by the Inuz- 
zle contact. The retardation velocity V, is obtained 
by graphical differentiation of X,, and is probably 
accurat>t,e to 3 fps, except near the muzzle, where an 

t - T I M E  TO EJECTION IN  MSEC 

FIGURE 8, Determination of friction, i~lt~cgration mct,hod; 3-in. gun, third series, rnuncl7.5, dry, full charge. '(NDIZC Re- 
port A-411, Figure 4.) 
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t'- FRACTIONAL T IME TO EJECTION 

FIGURE 9. Sinlplificd determinat,ion of friction, integration method; %in. gun, second series, round 44, dry, 70 per cent 
charge. (NDRC Report $441, Figure 6.) 

uncertainty of 10 fps may occur. The curve is d,rawn 
to agree with the extrapolated range velocity, assum- 
ing no acceleration of the projectile after leaving the 
m~rzzle. Graphical differentiation of V, yields the 
friction ;P,.; the probnble error here may not exceed 
5,000 ftt/sec2 in dVJdt, or 300 psi in P,. However any 
uncertainty in PI must also be taken into account. 
I-Iencc, the secondary riise in friction near 3 msec, al- 

though clearly required by the travel data as plotted, 
n a y  not be real although i t  may be related to cop- 
peri.ng (Section 10.5.4). The course of P, versus time 
is typical of the third series; it has already been ex- 
hibited, compared with, the pressure, and plotted 
against the travel, in Figure 1. 

A typical friction determination for the second ser- 
ies (70 per cent d,ry) is presented in Figure 9. Hare the 
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reduced time scale t' is used, and the X,  cnrvc is based 
not on thc individual microwave points, but on 
smoothed vali~es of the travel a t  20 intervals of t'. In  
addition to the Ir, and P, curves obtained by graph- 
icd  clillcrcntiatjons of X,, there are shown (daded 
lines) thc Vr and Pr resulting from application of the 
three-constant approximation cq~iation (14). The 
simpliiicd avcraging method is st:cn to give a fairly 
good approximation to the detailed results. 

The energy of friction Ef for the two rounds illus- 
trated, and the corresponding ratios c of Ef to the 
total kinetic cnergy of projectile and powder, me 
given jn Table 1. 

the observed eoppering of the gun, which is notice- 
able a t  hole 2 (9 in. travel) but rnirch heavier a t  hole 3 
(50 in. travel). The calculated amount of melting in 
the second period appears to be too high, leading to 
the conclusion either that the e~pcriment~al P, is too 
high (duc to error in Px), or that retarding forces 
other than band-bore friction, such as body engrav- 
ing, are operative. 

Other typical results, such as graphical depiction 
of fl-iction-time and friction-travel data for other 
rounds, and tabulations of P, at 20 time-intervals 
and Ef and c at  four time-intervals for Inany rounds, 
may be found in the detailed reports.ti51113J32 

TABLE I .  Typical frictional energies and ratios for 3-in. 6.3.4 summary and ~ i ~ ~ ~ ~ ~ i ~ ~  of ~~~~l~~ 
gun. 

- The principal results of the firings of the 3-in. gun, 
Weducerl timc ' - .25 .' .75 as related to bore friction, are summasized in Table 2. 
Round 75 ~ ~ ( 1 0 ~  ft-11)) - 2.94 26.5 79.4 107.5 This gives, averaged for ~.ounds of each type fired, the 
(Third Series) - 0.207 0.0G2 0.067 0.065 muzzle velocity VVm relative to the gun ; the maximum 
Round 44 Ef(103 ft-lb) - 4.81 22.5 39.0 42.6 pressure in the chamber P,; the travel a t  maximum 
(Second Series) c - 0.997 0.1 19 0.058 0.042 pressure L, ; the friction averaged over the engraving - .  - - 

period, from 0.2 to 2 in. travel, P,,; thc friction aver- 
The heating of the rotating band in round 75 has aged over the intermecliate range of travels from 2 to 

becn calculated from the friction by the methods 25 in., P,i; the f~jction avcraged over the rest of the 
sketched in Section 6.2.2. The result is that about GO bore to the muzzle, P,,,; the total energy of friction, 
per cent of EJ is expended in heating the bore, 15 per Ef,,,; and the final ratio of frictional to kinetic energy, 
cent in heating the band, and 25 pcr cent in melt,ing cmL. 
the band, the melting occurring at travels from 5 to  From Table 2 the effect of changing the conditions 
12 in. rtnd 18 to  85 in. This is in general at:c,ord with of firing may be seen. The effect on engraving frict,ion 

TABLZ 2. S U I I ~ I I I B ~  of results pertaining to bore friction from firings of 3-in. gun. 
- -- -- 

Powder Charge Roret If',,, f',, L ,  f',, P, i P,,,, f ly , , ,  
Cps ltlh/ir~." in. lilb/ir1.2 Ub/in.* \&/in.? 10" It-lh c,,,, 

Pyro 1 .O G 
Py 1:o 1 .o D 
Pyro 0.75 D 
Pyro 0.5 G 
Pyro 0.5 D 
NH 1 .0 G 
NH 1.0 D 
5x1 1 .0 G * 
NH 1.0 I) * 
NII 0.9 C* 
NH 0.9 n 
NH 0.8 G 
NH 0.8 J:) 
XH 0.7 G 
KII 0.7 D 
S H  0.6 G 
S I3 0.6 'L) 
NH 0.5 G 
;"\'TI 0.5 L) 

- 

* Projcctilc in normal position; O.:J-in. free ron-up. 

tG  = greased; D = dry 
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is particularly to be marked, this being the only i'ric- 
tional parameter determined with any great accur- 
acy, sincc the error may rcach 1 .O klb/in.2. In both the 
second and third series P*, was lower for rounds with 
grcased bore than with dry bore, and lower for those 
few rounds with run-up than when thc projectile was 
initially ndvanccd against the forcing cone. 

The effect of decreased velocity entering the forcing 
cone on increasing the engraving friction is further 
shown by the increase of P,, with decreasing chergc. 
This cffcct is especially noticeable in some of the 50 
pcr cent dry rounds, where the friction exceeds the 
powder pressure at  a travel of 0.3 to  0.5 in. to  such an 
extent that the projectile decelerates and nearly 
comes to a stop. That the engraving friction has a 
profound influence on the subsequent ballistic course 
is demonstrated by the fact that when P,, is high 
there are higher maximum pressures, reached at  
shorter travels, and resulting in higher muzzle velo- 
cities. The same result is observed for individual 
rounds within a type; Tablc 3 shows the variation in 
the 75 per cent rounds of the third series. 

TABLE 3. Vanation of results associated with engraving 
friction (P,,) 75 per ccnt dry rounds, third series, 3-in. 
gun. 

Round v,.& PP L,i PM 
No. f ~ s  klb/in.2 in. l~ lb / in .~  

- 

64 2244 25.5 16.6 3.8 
68 2262 28.0 16.2 5.1 
76 2308 30.2 14.8 6.4 - 

The intermediate and muzzle frictions P,i and P,, 
are less accurately known, and are of less ballistic 
consequence, except'that they are the principal con- 
tributors to the energy of friction. There does not ap- 
pear t o  be any marked correlation of the bore friction 
with the state of the borc surface'; with decreasing 
charge the energy loss decreases slightly but the ratio 
of frictional to kinetic energy increases markedly. 
The most marked effect is the difference between th.e 
second and third series, but this is hardly likely to be 
a real effect, being most probably due to the same 
experimental uncertainty that gave rise to the unex- 
plained difference in the pressure drop. For this reason 
i t  is hard to say what the best average value of c for 
the gun may be ; since the high frictions of the third 
series lead to implausibly large a~nounts of band 
melting, that series may be too high; but the second 
series bore frictions are likewise implausibly low for 3, 
gun with increasing twist. The most probable r.esult,, 

for full chargc, probably lies between the two ex- 
tremes, namely c = .05 f .03. 

6.4 RESULTS, 37-MM GUN WITH 
PRE-ENGRAVED PROJECTILES 

6.4.1 Experim.enta'1 Conditions 

The 37-mm gun, T47, is described in Sections 4.2.3 
and 31.7. The six lands for the pre-engraved projec- 
tile hnd a constant twist of. 24 calibers per turn. The 
chamber volume was 31.43 cu in. ; the travel of the 
projectile from seating to  ejection, 73.96 in. Forty- 
three rounds were fired, a t - l e ~ ~ s t  three in each of 1.2 
classcs, which differed in the type of chargc and pro- 
jectile, as listed in Table 4. 

TABLE 4. Corlditio~ls OF firing 37-mnl gun, T47. 

Class Powder Primert Projectile$ 
Type* Weight Weight Lcngth 

Ib lb in. 

1 M1 0.819 S 1.62 6.25 
2 M1 0.819 S 1.62 6.25 PI, 
3 M1 0.819 hiI 1.62 5.75 
4 MI 0.819 L 1.62 5.75 
5 MI 0.797 S 1.62, 6.44 Obt 
6 MB 0.828 S ' 1.62 6.25 
7 M5 0.828 S 1.62 6.25 PL 
8 M5 0.828 L 1.62 5.75 
9 M5 0.803 S 1.62 6.44 Obt 

10 M5 0.850 S 1.34 5.75 
11 M5 0.839 S 1.62 6.25 
12 M5 0.794 S 1.92 6.25 

* So111e powder prolmrticr were: To F Y W 
K ft-lb/lb in. 

M1 2406 302,100 1.2505 -0231 
Mb 3278 383,380 1.2284 .0403 

Thc primers were: S = Short, M23A2, length 1 in. 
M = Medium, M38R2, length 2,8 in. 
L = Long, T34, l c n ~ t h  7.7 in. 

$Two special tynca of projcctiles were included: PL = Pnrco-Lubriaed. 
that in surface treated with iron phoenhntc coating; Obt = Obturatcd, 
wit11 a 1-mm collpor skirt ncnr the buae. 

Pressure time records were obtained by two gauges 
locutcd at, opposite ends of the samc diameter in the 
chamber, a t  about four-fifths of the distance from the 
hrccch to the seated projectile. The gauges served as 
experimental checks on each other, but gave no in- 
formation concerning the pressure gradicnt down the 
barrel. It was therefore necessary to compute the 
basc prbessure by the thcorctical equation (8). The 
displacement, velocity, and acceleration of the pro- 
jectile were determined by the microwave interfero- 
meter ;in this gun the records were at  times disturbed, 
possibly due to ionized gasea that had leaked past thc 
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TIME BEFORE EJECTION IN MSEC 

FIGITRE 10. Frcssure-time curves for M l  powder, t,hree classes of prinlers in 37-mm g ~ m .  (NDRC Report 8-459, Figure 2.) 

projectile. An unexplainetl depcndcnct: of the type of 
nlicromave record on the type of projcctilc also oc- 
curred, the results being most satisfactory for classes 
10 and 12, least for classes 1 ,  9, and '1 1. Typic~~ l  pres- 
sure-time crirves for MI. powder, shoning how igni- 
tion \\laves are reduced by increasing the primcr 
length, are presented in Figure 10. Typical micro- 
wave records of five classes rtrc shown in Figure 11. 

6.4.2 Results and Discussio~l 

of friction determinations in the 37-nlm gun, 2'47 are 
not of high accuracy. The results for n typical round 
of class 12, as determincd by thc integration method 
(Sect,ion 6.2.5), art: shown in Figure 22. The individual 
microwave points scatter rather 1videly about the 
s~nooth curve drawn to represent X,, the avcragc 
deviation being 0.008 ft. In view ol the shorter time 
intervals in this gun, this 11-ould lead to  a probable 
error oi about 5 15 Eps in Ti,, and + 30,000 ft/scc2 
in dVT/dt or 5 1 klb/in.? in P,. For rlnsses of rounds 
in 11-hich the rnicro11-ave record 1~:~s  lcss satisfactory, 

13ecause of the uncertaintv in bi~se pressure (of the the scatter and resulting inaccuracy are greater. 
order of f 2 klb/in." imposed by thc use of only one There is, ho11-ever, one consistent feature of the re- 
gauge position and the esperimcntal error at  that sults ~vllich is illustrated in this- typical round, 
point, andin projectile displacement and acceleration namely, that the friction is low at  the start,, which 
caused by the erratic microwave records, t.he results is the reason that pre-engraved projectiles reduce 



VERY GOOD 

:FIGURE 11. Microwave records for five classes of projectiles in 37-mm gun: Excellent,-Class 10; very good-Class 4; 
good-Class 2; fair-Class 5; erratic-Class 9. (This appears as Figure 4 in NDRC Report A-459.) 
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TIME TO EJECTION IN MSEC 

FIGURE 12. Determinxtion of biotion, jmlegralion mcthod, 1~ouni1 E 14 (37-mm gun, 1\15 powclcr, 1.92-lb projcctile). 
(XnRC Rcport, A441, Figure 8.) 

erosion (Chapter 31). The friction reaches a niaxinium 
near the time of rnaxinlutn acceleration or later. 
The difference from the resu1t)s in the 3-in. gun, due 
to the absence of the rotating band, is marked. 

X summary of the reslllt,s is presented in Table 5. 
This gives, averaged lor each class, the t,ime from 
start of pressure to ejection, the muzzle velocity, the 
rnaxi~num pressure, the friction avcragcd at 0.5 mscc 
intervals, and the final ratio of frictional to kinetic 
cncrgy. 

Within the limited accuracy of the 'results, no def- 
inite correlation can be made between t,he friction and 
the type of projectile. Very little change in the over- 
all ballistics is caused tly "1':arco-Lubrizing" the pro- 
jectile surface, or )r)y adding the thin obturating ring. 
The comparatively high rcsistingpressures found with 
sll classes can hardly be due entirely to projectile- 
bore friction. The observed heat transfers were not 
:inomalouslyhigh, nor did they show a maximum near 

the point of masimuni acceleration, indicating that 
the large apparent P, did not give rise t o  s corre- 
spondingly large heat of frict,ion. The high values 

TABI.F, 5. Sumrnary of ~csults pertaining to  Criction, 
37-mm gun. 

Class* l o  T-,,, P,, PT, (a\..) 
m ~ e c  fps lilb/in.t klb/in.2 c,,, 

* See Table 4 for H delit~itiot~ of each clnsa of rounds. 
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found may be due in part to  errors in, measurement 
and calculation of P I ;  OJ. in part i t  may represent a 
resisting pressure on the part of the projectile caused 
by the lef~kage of gases. Scveral lines of cvidencc, 
notably photographs of the? muzela before thc pro- 
jectile has emerged, point to a considerable quantity 
of such gas. 

"5 DISTRIBUTION OF ENERGY OF THE 
POWDER 

6 5 I Methods of nelerrninirlg 
Energy Halarlce 

Another important result of a complete set of hal- 
listic measurements, such as those carried out at  Car- 
derock, is that several lines of esperinlental evidence 
are brought to bertr on the problem of thc cnergy dis- 
tribution of the powder. A thcoretical discussion til 
t,he ballistic energy equat,ion is given in Section 3.2.3 ; 
for the present purposes we may write the funda- 
inerital equation (17), which is essentially the same as 
equation (6) of Chapter 3, 

This cyuation expresses the fact that the extent by 
I\-hick the gas temperature T fa,lls below the flame 
temperature To is a measure of the energy releascd as 
11-ork or heat, or unexpended due to incomplete burn- 
ing; the terms on the second line tlistribute the re- 
lensed energy among the kinetic energy of the pro- 
jectile, the kinetic energy of the powder and gas, the 
energy of overcoming friction, and thc hcat trans- 
fewcd to the walls. In  the Carderock firings all the 
t,erhms of equation (1.7) were determined, directtly or 
indirectly; a more detailed analysis than the brief 
summary to be presented here may be found in the 
original reports, especially A-44111%nd A-444.11" 

The potvder oonstants P, 7 ,  and ?\ lluve bcerl cal- 
culated hy hot11 thc detailed and approximate (acldi- 
tive) nlethods sketchcd in Section 2.4. Thc inaccuracy 
introduced by use of the simpler approximate rnethod 
is less than 3 per. cent,, except at  times near shot ejec- 
tion, mhcn the temperature is below 1750 h and sec- 
onclary gas reactlions leading to methane formation 
become of importance. 

The kinetic energy terms, which constitute the 
largest fraction of the expended energy, may readily 
be calculated from the projectile velocity, which was 
ciet,ermined as a function of tirne by the nlethods de- 
scribed in Scction 6.2. The factor 6 may be taken as 3, 
the t,heoret,ical value, -\\.it11 sufficient accuracy, except 
at, times near the start of travel when the turbulent 
velocity of the unburned powder considerably ex- 
eeeds the projectile velocity. Es may also be ca,lcu- 
latcd by the methods described in Section 6.2. 

The problem. of dctcrmining energy balan.ce thus 
depends on a knowledge ol N, 1', E',, and h. At times 
near shot ejecttion, the powder is completely burned, 
and. N = C. At such times, with rare exceptions to be 
1nentionec-l in the next section, E, may be neglected. 
Hence the problem is solvecl if either T or h may be 
determined or calculatetl. 

The average temperature T of the gas thronghont 
the gun volulne may be estimated from the experi- 
mentally determined temperatures (Sections 2.5 arid 
4.3.17), but the results are of limited accuracy, except 
at  position 1, in the powder chamber. Even there,-be- 
cause of the high degree of turbulence and tempera- 
ttlrc inhornogeneity in the grts, values averaged over 
a number of rounds are needed to obtain representa- 
tive resnlts. The obscrvcd tcmpertttures a t  the for- 
ward positions appear to be considerably lower than 
the average temperature at  those points, due to cool- 
ing by the ~valls. 

The average temperature T ]nay be approximated 
roughly by the chamber temperature TI and also i t  
may be calculated from the observed average pres- 
sure [computed from thc observed pressures by the 
use of equation (8j or. other empirical representation 
of the pressure grxtlient] and travel, by means of the 
equat,ion of stat,c, equation (15) of Chapter 3. The es- 
perirnental value of 1; (or of h) may be used to check 
the covolume 7 ; in general it is bettcr to a,ssulne t,hrtt 
7 is accm.ately calculable by thc mcthods of Section 
2.4, and to use the equation of state to check the ex- 
periinental self-consistency of P, TI ,  and h, or to cal- 
culatc! %' and h, f1-om P. 

HEAT INPUT (h )  

The heat h tl-ansferred from gas to bore may be cal- 
culat,cd by the methods described in Section 5.3. The 
computation may citlier lollow the detailed rnethod 
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based on the fundamental equation (18), 

nsing an assunled value for the friction factor X, and 
the observed hallistic data for t,he gas temperature 
16, density A and 1-elocity I ) ,  or use may be made of 
tables 48 based on the observed muzzle velocity and an 
assumed sirnple ballistics. I t  has been shown l1"hat, 
the two methods of calculation of h. \\-ere in good 
agreement for the 3-in. gun, and that h was very 
nearly 2 lincar function of t,he travel I,. 

The quantity h may also be derived f ro~n esperi- 
mental dctcr~ninations of heat input at  v:trious points 
dong the gun, as described in Section 5.4. This also 

6.5.2 Energy Balance during Firing 
of 3-inch Gun. 

To illustrate the results of the different possible ex- 
perimcntal and theoretical approaches to the compu- 
t,ation of the energy balance a t  the time of ejection, 
there are presented in Table 6, for various conditions 
of firing, values of T calculated by the following 
methods. 

1.. The experimentally determined teniperature in 
the chamber; 

2. Values calculated from the experimentally de- 
termined nveragc pressure, using alternatively: - 

requires theoretical cnlculations concerning the con- a. The approximate additive equation of stste 
t,ributions to the observed total heat input of the heat (15) in Chapter 3, 
of friction and of the heating by the gases after ejeo- b. The more exact equation (10) of Chapter- 2; 
tion. Using eithcr ballistic data or theoretical cohpu- 
tatfions regarding the stat,e of t,hc powder gas after 3. Values calculated from the energy balance equa- 
ejection, the result; is obtained that the heat input up tion (17) of this chapter, assuming E,t, =0, and using 
to ejection, h,,, is approximately 0.64 of the total heat alternatively: 
input. For t,imcs before ejection, a linear dependence a. The approximate method of calculation of 
of h, on L is assumed; the alternative assumption, E,,, and tthe observed value of h,, 
equation (10) of Chapter 3, made in the theoretical b. The exact calculatjon of fl,,,, and the observed 
ballistics, may also be used. value of h, 

At tinlcs before t,he powdcr is complet,ely burned, 
any t\oo of the three quantities P, T ,  and h must he 
known in order to calculate N /  C from equations (18) 
in this chapter and (15j in Chapter 3, if E., is assumecl 
negligible; or all three must be known to calculate 
LCu. In  general the best procedure is to make use of P 
and h, assuming El, = 0 ; if T calculated in this way 
is IT-ithin. 100 Kelvin degrees of the observed 2', the 
energy balance is reasonably reliable. If the observed 
T fi~lls below the calculated by more than. 100 de- 
grces, it must be rtssociated with an E ,  > 0. 

c. The exact E,,, and the value of h c:tlculated 
using the simplified ballistics given in Section 
3.2.7 and the value of h corresponding to 
Q= 10.2 cal/cm2 in the caliber .50 gun. 

From Table 6, supported by t,he mort: detiiiled com- 
putations not reproduced here, the following conclu- 
sions may be drawn. 

1. The various experinlental results do not lead to 
identical values of T, but the disagreement is not 
more than + 5 per cent, and hencc is attributable to 
experimental error in t,hc determination of tempera- 
ture and pressure. 

2. The differences I.)oti\-een calculations bascd on 

TABLE 6. Average values c)f gas ternperat~lrc a t  shot ejection, 3-in. gun. 
-",.,, .- -" 

Pou*ilcr- NH S H  NH Pyro Pyro Pyro Pyro 
Charge- 1 .O 0.7 0.3 1.0 0.75 0.5 0.6 
Bore--(G =greased; T l =  d1.y) G-D D D (2-D D 13 G 

Sol11.c~ t~r~ i l  mcthod of cnlr~~lat~ion oi T, (K) 

' I .  Experimentnl 1634 1740 1518 16'36 1752 16.50 1590 
2%. Pressure, appros eqn of state 1889 1682 1576 1721 1686 1642 1675 
2b. Pressure, exact eqn of st,rtt,c 1706 1690 1579 1.737 1692 1.646 1678 
3a. Energy, approx cxlc; h obs. 1610 1683 1639 1597 1640 1680 1732 
3b. Energy, exact calc; 11 obu. 16.51 1707 1653 1626 1657 1687 1737 
312. E~iergy, exact cxlf:; 11 t,heor. 16'20 1677 1611 1603 1624 1642 1697 
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kinetic energy of the projectile. The total heat trans- 
mitted to the gun, which includes in addition, to lz, 
the contributions of frictional and post-ejection heat- 
ing, is also listed. Figure 13 illustrates the overall 

9.4% 

L d  

FIGURE 13. Encrgy distribution of powder, 100 pcr 
cent charge, 3-in. gun. 

Lhe approximate and detailed computation of covol- 
ume and energy release are less than the differences 
between the several experi~nental methods; hence 
more exact measurements itre needed before an ex- 
perimental determination of the covolume, or other 
checks on the finer points of the calculations can be 
made. 

BEFORE ES~CTION 

At timcs bcfore ejection, the energy distribution is 
roughly similar to that just discussed. Some valucs of 
the ratio c of frictional to kinetic energy havc been 
presented in Table 1. The ratio P of heat loss t o  kin- 
etic energy [sec cquation (11) of Chapter 3 in Scction 
3.2.31 in general shows a minimum at  times near 
E' = 0.6. Some typical results arc presented in Tablc 
8. This gives, for the average full-charge firing of XI3 

3. For all rounds except at 50 per cent charge, bet- 
ter agreement \*ith the other temperatures is TABLE 8. Observed and calc~llrtted gas temperaturcs- 

100 per cent charge NH powder, 3-in. gun. 
tained by using the experimcntal rather than the - 
t,l-leoretical values of h ; that is, the other results win- Values o~ T, K 
force the experimental heat inputs and suggcst that 

Exp. Calc. Calc. Calc. 
in this gun a value of X from 20 to 25 per cent lower 1. h. 9 = 1.275 7 = 1.30 N/I:  
than that found in the caliber .50 gun was oaerative. 

0.05 2045 2636 2636 2636 0.0275 
4. For the 50 per cent rounds, and most markedly 0.10 1948 2635 2636 2636 0.0467 

for the grcased Pyro rounds that gave the lowest P, 
and V, (Table 2), the snergy balance gives tempera- 
tures t,hat exceed the experimental temperatures by 
amounts greater than the probable error. Hence in 
these cases there is an energy deficit E, to bc attrih- 
uted to incomplete reaction of the powder. In such 
rounds an E, ,  of similar magnitude is also found at 
times hef0r.e ejection, by methods stated in Section 
Ci.5.1. 

The energy distribution at ejection is summarized 
in Table 7. The various energies are expressed as per- 
centages, first of the total potential cnergy the po1v- 
der could liberate if cooled to 0 K, and second of the 

powder, at, various timcs, the temperature as observed, 
and as calculated from the observed pressure, travel, 
and heat loss using the experimental value of h and 
two different assumptions for a constant ratio P. Tlle 

T-~BLE 7. ni~tr.ikution of energy of the powder, 3-in. gun. 
-- 

100 Pel* cent charge 50 Per cent chargc 
Type of energy E Per cent Per cent 13 Per cent Per cent 

10Vt-lb of total of (KR) ,  10VIt-lb of total of (RE), 

T o t d  potential of powder CF/(+r - 1) 5144, 100.0 . . . . .  2572 100.0 . . ~ . .  
Released at  ejection CP(1 - T , / T , ) / ( r  - 1 )  1984 4 100 38.6 135.1 1016 + 1.00 39.5 160.0 
Kinctic of projectile (AE), 1469 + 20 28.6 100.0 635 + 60 21.7 100.0 
Kinetic of powdcr gsx (RE), 148 k 20 2.87 10.1 32 + 5 1.24 5.0 
Kinetic of recoil (k*E), 11 0.21 0.7 4.0 0.16 0.6 
R.otation of projectile E r o t  1.2 0.23 0.8 5.3 0.21. 0.8 
Frictional E f 80 j 30 1.56 5.4 65 i 20 2.53 10.2 
Gaseous heat transfer h 264 + 100 5.13 18,O 181 80 7.04 28.5 
Unreleased potential Eu 0 0. 0. 94 + 90 3.65 14.8 
Tota,l heat to g1m A 482 2 50 9.37 32.5 338 k 40 13.14 53.2 - 
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i'r.action burned as calculated in this way is also listed. 
I t  is seen that the usual ballistic assumption of con- 
stant /3 does not lead to wide errors in the calculated 
temperature ; the experimental results for both T and 
h favor a lower ratio than mas clsually adopted 
for ballistic calculation, as suggested in Table 2 of 
Chapter 3. 
h noteworthy fcaturc of Table 8 is the large extent 

by which the cvperi~nental T falls below the theoreti- 
cal at  early times. This has been attributed partly to 
an incomplete burning t,errn E,,, and partly to an in- 
crease in the kinetic energy of the solid powder mov- 
ing turbulently in the chamber. This temporarily lost 
energy is recovered by the gas as burning proceeds. 

The values of N / C  obtained in this may mere used 
in the calculation of burning ratcs, as discussed in 
Section 2.2. 

6.5.3 Approxi.mate Results for 
37-mm Gun, T47 

In  the 37-mm gun, T47, the gas temperature 1r7as 
not measured, and so thcrc is one less check on the 
consistency of the results. ,4t ejection the tempera- 
tures calculitt.cd from the pressure averaged 9 per cent 
above those calculated from the energy balance with 
obscrved values of h. This adds additional weight t o  
the possibility that the experimental pressures, and 
the friction calculated therefrom, were too high. 
Hence no very reliable results for the energy distribu- 
tion are at  hand. Thc uvcragc value of the effective 
specific heat ratio 7 was 1.317 for MI. powder and 
1.289 for M 5  powder, corresponding to f l  = 0.24, 
again somewhat lower than suggested in Table 2 
of Chapter 3. 

6.6 CONCLUSIONS 

The general conclusions regarding bore friction and 

rclated problems, that may be drawn from the experi- 
mental results and theoretical discussion of this chap- 
ter, may be summarized briefly. It appears that even 
with the data at  hand, which in precision and com- 
pleteness compared very favorably with any previous 
ballistic  result,^, i t  is difficult to  obtain reliable results 
for such a small differential effect as the friction. It 
has ho~vevcr bcen demonstrated that the engraving 
friction in a 3-in. gun varics with the conditions of 
firing from 2 to  10 klb/in.', or frorn 5 to 50 per cent of 
thc maximum pressure, the variations in some cases 
bcing without assignable cause, and that thcse varia- 
tions are reflected in the masirnurn pressure and muz- 
zle velocity. 

The engraving friction bears a relation to the para- 
meter Po, the starting pressure, that appears in in- 
terior ballistic calculations, hut is not identical with 
it ,  inasmuch as the theoretical quantity is influenced 
by the various simplifying assUmptions that are made 
concerning friction and burning rate. (See Section 
3.2.2.j The coefficient of bore friction c in this gun 
varies with the travel and the firing conditions, but in 
gener~l  appears to exceed the average value of 0.04 
assumcd in the Division 1 theoretical b~lllistics. The 
energy distribution of the powder likewise varies with 
thc travel; a t  early times and in low-density firings 
there is some additional energy deficit-due to incom- 
plete evolution of po~vder energy. Other~vise the rela- 
tions are fairly in accord with theory, nith the heat. 
loss being some\vhat lower than usually assumed. 

Further work of the kind described in this and the 
preceding chapters, using a vari.ety of guns firing con- 
ventional and experimental projectiles and powders, 
is needed. Only in this way will it be possible t o  
establish the gcneral lttms relating bore friction and 
po\vdcr energy distribution to interior ballistic theory 
and to gun design and performance. 



Chapter 7 

BAND PRESSURE AND RELATED STRESSES 

l*lTIIEORY OF POWDER GAS AND BAND 7,i.a 

STRESSES IN GUNS 
Fundamen.ta1 Assu:mptions 

Introduction 

D URING WORLD WAR IT it became clear from actual 
failures of guns and shells during testing that the 

effect of rotating band pressure had not been given 
proper consideration in the design of either guns or 
shells. In addition, there developed a tendency to fire 
guns with powder pressures exceeding those for which 
they were originally intended. As a result a great deal 
of attent'ion has been given to the problem of the 
st,resses in a gun tube under combined hand and pow- 
der pressures and the corresponding strcsses in the 
wall of a shell. 

In this country this work has bccn carried on by 
the Army in the Officc of the Chief of 0rdnancem7JnR 
a t  Wat,ert,own Arscnal,"Y-25"or the Navy at, 
Dahlgren Proving Ground3ao and a t  the Massachu- 
setts Institute of T~chnology,"2".2~ and for Division I, 
NDRC, at both the Catholic University of America1l7 
and thc National Bureau of  standard^.^^,",^^^ In Brit- 
 in an earlier interest in the subject was contin- 
U C ~ ~ ~ v ~ . ~ ~ ~ . a ~ o . ~ 7 ~ . a 7 ~ , ~ ~ ~ s , 4 z 4  

As a result of the theoret,ical and experimental 
morhk discussed in the present chaptcr, important 
progress has been made in the determination of band 
pressure and of its  effect,^ in combination with pow- 
der pressure and thermal stresses. The knowledge 
gained will bc ft valuable aid to the designer of hyper- 
vclocity guns. If muzzle velocities are to be pushed to 
levels formerly considcred impossible, there is need of 
f ~ ~ r t h e r  study, particularly of the cause of pressure 
\vaves that may impose dangerously high sporadic 
stresses on the tube. 

The application of these results to improvements in 
t,he design of projectiles is taken up in Chapter 27. 
Some attention is given there to the first efforts to re- 
duce band pressure, a change that would appear to 
be a prerequisite to th,e use of the higher powder pres- 
sures t,llat are required in hyper~relocit~y guns. 

In considering stresses in a gun tube, it is customary 
to make certain assumptions. 

1. The gun is a smooth-walled, hollo1+- cylinder. 
2. The tube is sufficiently long (or the pl-ojectile 

base is considered a t  a sufficient distance from an end 
of the tube) to make end effects negligible. 

3. Band and powder pressures give axially sym- 
metric radial stresses. 

4. Under uniform radial pressures, the stress dis- 
tribution follows the equations of LamB, given in 
equations (I) t o  (3), 

h 

Radial stress: rr = ~ ( g  + p:) (1) 1 - @2 

- 
Hoop stress BB = - 

in which E is Young'srnodulus, p the Poissonratio, w 
the radial deformation, r tthe distance from the axis of 
the tube, and I a constant of integration determined 
by bounrlilry conditions. 

5. The generally accepted criterion for failure is 
that, of Mises-Hencky, according to  which the equiv- 
alent stress, X,, can be expressed by equation (4). If 
S ,  exceeds the tensile strength of thc gun steel, failure 
of the gun is t,o be expected. 

6. Strcsscs are algebraically additive. If, for exam- 
ple, the simultaneo~~s stresses carlsed by powder pres- 
sure ancl by band pressure at  a given point are known, 
the combined stress is given by their sum. In partic- 
ular, if the two stresses are graphed a,gainst position 
in t,he gun, the resultant stjress mfty be obtained by 
composition oS ordinates. This principle oi superposi- 
tion can he extended to any number u l  strcsscs and is 

Technical Aide, Division I ,  NDRC. (Present address: De- 
of MO,t,llematics, ~ i ~ h i ~ ~ , ~  ~ ~ l l ~ ~ ~ .  J , , ~ ~ ~  " valuable tool in developing the thelory of stress dis- - - .  

Lansing, Michigan.) tribution. 
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FIGITRE 1. 'l'~rlger11,ial st,rnin in 3-in. gun t.obc as ~ l .  Iunction of distsncc fronl the band. (Pigwe 13,IUDR.C Rcport A-288.) 
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7.1.3 Integrated Stresses in the Tube 

During the engraving of the rotating band of the 
projectile by tlic rifling of the gun, pressure is highly 
~oncent~ratcd on a narrow strip, in widi;h actually less 
tha,n t,he band. J-Towever, stresses exist over the 
whole length of the tube, tending t.011-ard zero at  the 
ends. Lamk's formulas for the delor~nation and the 
stresses resulting from uniform pressure are valid in 
this case also, if the uniform deformation is replaced 
by the integral of t,he tleformtttion over t,he length of 
the tuhe ancl l;be uniform st,rt:sses by tthe integrals of 
the strcsses taken over thc length of the tube.lu The 
resulting for~rlulas are the analogues of eqn:ttion ( I ) ,  
(2), and (3, wit,h ,lo, ,z, and replaced rcspectively 
by TV, R, and 9 \vliere W = Jwdx ,  R = J ~ ~ r l x ,  
and 0 = $ O O ~ X . ~  

An important pr:inciple employed in the develop- 
ment of this theorem is that e1-er.y asially sylnmetric 

WZZLE END X : Z I T  BREECH END 

I I 

P a  WWDER GAS PRESSURE 

MULTIPLY ORDINATES BY 
,&E ' 

Methods of Determining Frictional 
Force from B a n d  Pressure 

Three methods have been suggestcd13 for detel.min- 
ing the frictional forcec between a projectile find t,he 
gun barrel from a rneasurenlelit of the strains in the 
barrel ctiusecl by band and pourder pressure. The 
i'ormulas used to determine the frictional force are 
based on the elementary solution of the stress eyua- 
tions for ~m infinite, circular, cylind,rical shell. The 
gun tube is acted on by bot,li the uniform powder 
pressure 1' and a uniform longitudinal t,r:tction of 
t,otal anloi~nt F.  

Thc analysis for one of the methods was extende(PY 
and calculations \\-ere made to  see whether it would 
be applicable to the 3-in. gun ut Carderock, d:scribed 
in Section 1.2. The strain components on the outer 
surface of the tube map be r~present~ed I:)? equa- 
tions ( 5 )  lor gauge positions behind t,ha pr'ojectile, 

i~ 
\ 

1 1  

\ 

load distribution can be built up by superposition of 
half-infinite uniIor111 radial loitds. f i 2  

p [ P  + dl(%) y ]  1 
''' -1 [T&) - r12] E 1 

During engraving of the projcctile the l~ngit~uclinal 
r r 1 2 J  

stress in the gun tube is practicall), that for n closed r ? 
e22 = chamber, but later it is less, nncl as thc projectile [rz".z) - r12]E rr12 

W D  WlORl h, h . 7  FOR FULL CURVE 
hso FORmlTEDeVRM - MEAN BAND PRESSURE lb P'm3P 

5 s  3-01 GM, fp 8-47 C 4  

LOCAL VARIATIONS EQLlGlDLE AT A - 
DISTANCE arm 2i.a cu FROM eANo 

10 6 0 - 5  -10 

nears the muzzle, the more nearly thc slxess problem Here, r~ and rz(z) are the inner and out8er radii of 
approachas that of the open t11X)e case. Formulas have the gun tube, M(z) is the mass of the tuX)c between 
been devclopedlVor t'he itxiti1 s1;ress at  points bctu-een any planex and the muzzle, Y is the positive accelera- 
the projectile and t,he muzzle, between tjhc projectile tion of recoil of the gun, E is Young's modulus, and p 

and the breech, itnd above the powder chamber is tJhe Poisson ratio. These two cquations are the 
while the projectile is moving do~vn the Gore. equivalent of equation (li), wliich gives the friction, 

- E r  [riZ(z) - rlz] F = .-" ,,--.,.--- "- 

1 - ,'? [woo 4- e,,] - ~ ( z )  y,  (6) 
 some^-hat sirnilfir tbeoreri~s l~a~vc. bccn yresent,ed bj- othcr 

lvyitcrs L. . 5l2,6L7 oTllis subject is dealt \x-ith more broo,dlv in Section 6.2. 
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10 5 

MUZZLE END 

FIGURE 2. Axial st,rrtin in 3-in. gun tube as a function of distance from the band. (Figure 14, NDHC Report A-298.) 

and equation (7), satisfactory, and that acceleration of recoil might be 
evaluated in this manner. 

Ea [~-2~(2) - r? J nT12P = [COO f W Z Z ~  (7) The other two met l iods l~fo  determining friction 
2(1 - p2) from band pressure have not been similarly analyzed 

which gives the pressure on the base of thc projectile in terms of experimental conditions. The one involvcs 
directly from two measurements of strain behind the the use of two longitudinal strain gauges set close to- 
projectile. gether over the powder chamber iiz a gun having a 

Equations (5)  may be replaced by similar esprcs- uniform wall thickness in this region. The other 
sions in which the accclcration of recoil is expressed in method uses one such strain gauge and a recoilmeter. 
terms of a "gauge constant." This gauge constant was 
evaluated empirically from thc firings of the 3-in. gun 
at Cal'derOck, and then the curves in Figures 1 THERMAL STRESSES IN THE BARKEL 
and 2 were drawn for the tangential strain and axial WALL 
strain, respectively, at  a distance of 30 in. from the ,,z.l Stresses at a Po:int 
n~uzs l e .~  I t  was found that the curve for the tangen- 
tial strain wbuld be unchanged if the friction were 
assumed to be zero and that even in tjhe curve for 
axial strain th.e contribution from the friction is not 
large enough to be determined accurately. 

Therefore, i t  was concluded that friction cannot be 
determined directly from strain gauge measurements " 
by this method. It was pointed out,, however, that the 
use of strain gauges as pressure gauges should be 

" I t  was pointed out that, allowing for certain differences in 
the experimentitl conditions, these curves agrecd well with 
some obhainedns in the firing of s 76-mm gun, MlE2 st Aber- 
deen Proving Ground. 

If a nonuniform te~nperature distribution ~esul t s  
during th.e heating or cooling of a solid body, the 
cooler portions of the body exert a restraint upon the 
expansive tendencies of the warmer portions and the 
mutual jnterfcrance causes thermal stress whi.ch may 
be superposed upon any esisting stress system within 
the body. This theory has been applied151 in the case 
of a long, hollow cylinder unrestrained at  the ends. I t  
is assu~nctj that plane sections farh from the ends re- 
main plane and that the temperature field is axially 
symmetric: and uniform along the aal;il coordinate x. 
The cocfficient of thermal expansion a,  the Poisson 
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TABLE 1. Compressiolls at  interface between a $6-in. stellite liner and steel caliber .50 machine gun barrel.fi1 Case I, 
100-round burst; Case 11, 250-ror~nd brlrst. Each case postulated for two sit.uations: (a) moderate bore surface temper- 
ature; (b) very high bore surface temperature. 

"" .- 
Case P (a) Casc J (b) Case PI (a) Case I1 (b) 
(loa psi) (10"~si) (l.Oa psi) (10Qsl) 

Radial stress 
3,laxirnurn slrear 
Tangential stress 

ratio p, and the ~nodulus of elasticity E are assumed 
invariant with temperature. With the boundary con- 
dition u, = 0, at  T = a and a t  T = h, where a and h 
are respectively the inner imcl outer radii, equations 
(8) and (9) are obtained for the stresses at  a point r 
units from the axis. 

Here T is the temperature evccss over the lowest 
value in the body. 

1.2.2 Applicatio~i to 

Caliber .50 Machine Gun 

Generalized stress equations were developed for 
composite hollow cy1indel.s and the results were ap- 
plied to the computi~t,ion of stress in a stellite-lined 
caliber .50 machine gm barrel (Chapter 22). T\\-o 
telnperaturc distributions based on experimental Gr- 
ings (of the sort dcscribcd in Section 5.5.1), were wed ; 
Case I, resulting from a 100-round burst, and Case I1 
from a burst of 250 rounds. For each crlse two situa- 
t,ions, (a) and (b), were postulated within the liner ; 
distribution (1)) assumes a higher. bore surface tem- 
perature and a steeper gradient t,han (a). Under the 
four sets of conditions, t,he thormnl stresses in a gun 
with a %&I. liner were exhibited graphicallyfor three 
values of the Poisson ratio in the stellite. Case I (a) 
and Crlse 1 (I)) were also graphed for a liner of thick- 
ness %?-in. 

Optinlurn stellite liner thicknesses, considering 
t,hermal stresses only, are given as '/lc-in. for the 100- 
round burst and %-in. for the 250-round burst. If barrel 
strength also is considered, thc former figure remains 

unchanged, but thc latter increases to 3 / 1 ~  in. The 
order of the thermal strcsses (compressions) a t  the in- 
t,erface of the &-in. liner is shown in Tab1.e ;I. 

These thermal strcsscs are accordingly significant 
in design problenzs, as discrlssed in Section 26.5.2. I t  
should be remembered, honrever, that they exist for 
only a small fraction of the time of a round. 

1.2.3 Circumferen.tial Strain at 
Outer Surface 

d method of determining heat input by strain meas- 
urement is mt:ntioned in Section 5.3.7. The proof of 
the underlying theorem, which applies to strains in a 
heated barrel, is outlined in the present section. 

The circ~umfcrential strain at  the outer surface of it 

heated cylinder depends only on the quantity of heat 
in t,he cylinder and is independent of the cylindrically 
symmetrical distribution of the heat, provided that 
asial shear strain is neglected, and the specific heat 
and the expansion coefficicnt are assumed to be inde- 
pendent of temperature. I t  is assumed that from ,z 

tubc of inner radius a and outer radius 6 ,  an inner 
cylindrical barrel section of. radius r is removed, 
heated, and then reinserted in the outer cool section 
by a shrink fit. By equating the two formulas for the 
resulting interfacc radius, eyuation (1.0) is obtained. 

Then, if the temperature risc 0 results from a heat in- 
put B per unit area, equation (11) for p can be ob- 
tained. 

= (EEL) ("9 - r2) ). 
ryb" a*) 

The corresponding external espansion W ,  is given 
1 . 1 ~  equation (12), 
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tions was so mounted that i t  could be moved along 
thc cylinder in measured steps. 

1.3.3 Evaluation 01 Band. Pressure 

Ejfectiile Area of Interference (EA. I ) .  The early tests 
were carried out with solid 37-mm shot,, and band 
pressure was measured at  a point in the tube about 
3 in. beyond that at  which engraving takcs place. I t  
\\-as indicated that the pressure is sm:lll on the fore- 
most part of the band and that it increases to\vard 
t,hc back. In analyzing the results of these tests, the 
concept of "rectangular interference" \rras used. Sincc 
this quantity ignores the del~th of rifling, it 11-as later 
decided to use "Effective  are:^ of Int,crference," here- 
inafter abbreviated E,41."4 This function rnay he de- 
fined as hhe quotient obt,ainec,l by dividing the volume 
of bancl metal, espressed in cubic inches, that niould 
be suoopccl out in passing through the bore if tube 
and shot were rigid, by the bore circumference. I t  will 
be noted that the method of evaluating EAI differs 
according to ~vhether band diameter is snlsller or 
lsrger t,han the groove diameter. 

Band Pressure per Tl~ch, Circ7~rnnferrnt:e. In these 
'static studies it was found convenient to llse band 
pressure per inch circumference (desigrlatcd by P), 
r:at,ller than pressure (pcr square inch). I t  is found by 
integrating the deformation curve over the length of 
the gun and applying the theorem on radial deforma- 
tion given in Section 7.1.3. The lcey equations arc 

in ~vhich 2r2 is t,he band\\.iclth, p the ~vall ~xt io ,  rind p 
the pressure in pounds per square inch. 

Friction Cocfzcient. -5 thircl quantity oT particulaa. 
interest in these static tests is a friction coefficient, 
defined as the ratio of the axial load t,o the product of 
P and the bore circunlfercncc. The axial loat1 new$- 
sary to move tlhe projectile c,an be nieasured directly 
on tlie testing machine. In tlie 37-mrn solid shot, fric- 
tion coefficients were found tto w r y  f~wm 0.117 t o  
0.270, clustering around 0.230. 

1.3.4 Prediction of Band Pressures 

The theo1.y of thin tubes \\.as considered in relation 
to the o1)ser~-ed cleformfttions. It; was found that rea- 

sonably good agreement could be obtained by a suit- 
able adjustment of parameters. 

Probably the most significant results of the study 
lie in the compariso~i of radial load with EAI. ,4 linear 
relationship appears to exist for 37-mm shot, and 
reasonably good prcdictions of load can be made from 
EAI. I t  is necessary, however, to  consider wall ratio 
and tightness of band scat.l14 The great variation that 
was observed in the tightness of seating of the rotat- 
ing bands of 37-mm shot caused a corresponding vari- 
ation in the apparent EhI. In a final series of tests"" 
uj th 75-mm AP shot and RE shell, the projectiles 
were subjected to push tests in a used 75-mrn, M1897 
barrcl. For the solid shot it was found that radial load 
P is proportional to I3AI, as is sho~vn in Figure 5. The 
average ratio mas 75 pounds pcr inch circumference 
for lop5 sq in. EhI, but the ratio increased for very 
small bands. The main part of the pressure ap- 
peared to be concentrated in a narrow pitrt of the 
rotating b:ind. The behavior of the bands as ,far as 
PIKA1 was c,oncerned 71-as p~.actic:llly duplicated 
with ~t punch moving r.a,dially inward against the 
bmd.  

For the 75-min HI< shell, PIE-41 \\-as approximately 
37 for intermediate hand sizes, \vith an increase of the 
ratio for very small bands. For 1-m~-  large ones, P he- 
csme practically constant. In this connection c0nsi.d- 
erat,ion was given t,o the elastic deformation of the 
shell, and also tto the firmer seliting of the band dur- 
ing engraving. When allo\vance \\-us made for these 
factors, the ratio PIIE:ZT mas incrc!:wcd, even beyond 
tlle value for AP shot,. For valucs of E 9 I  in escess of 
0.011. sq in., P remained essentially constant, which 
indicated that plastic deformation of the shell wall 
hi1d occurred. 

hi extension of t,he study of band pressures 
in 37-rnm projectiles led to interest in band design 
giving lo\\- ~ t r c ! s sc s ,~~~  as summarized in Section 
27.4. 

C'alculations of P/EAI n-ero niade for guns of a 
number of different sizes t~ascd on firing tests at  Aber- 
deen P1.oving Gro~md and push tests a t  Watertown 
,\~*sentl,l."' They shc>wcd that PIEXT is indspcndcnt 
of the size :1nd dcsign of the vot:lting 't)%nd, except 
that this ratio is larger for \-el.?- el-nnll bands. It <\-as 
founcl that in genevnl the 1 - d ~ ~  of PIE91 in, firing 
test8s is 10 to 30 pel- cent higher than in push t,est,s. 
.Uw, it 11-3s found that P/E,\I for FIlC shells is 
much Ion-er than for solid shot in am~11 calibers, but 
that in lnrgc.>r calibers the vrllues approach e:tch 
other. 
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FIGURE 5. Rand pressure as function of EA1 for 75-rnm AP and BE projectiles. (Figure 62, NDRC Rcpo1.t A-443.) 
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7.3.5 The Process of Engraving 

3i4, 348 
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l . 
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new 37-mm tube with standard forcing cone, radial 
load was shown to rise smoothly with shot travel. The 

The static test mcasurements were also used to average radial pressure P was fairly constant during 
study the process of cngraving.l14 At the beginning of engraving. In a m~derat~ely-eroded 37-mm tube, en- 
the test,, that is, at zero penetration, the conic taper graving continued ovcr a considerable distance. I t  
of the band rested against the forcing cone. The pro- was found that the radial load a t  a given position of 
j~otile was then pushed into the tube by 0.2-in. steps, the shot had the same value it would have in a new 
d~format~ions bcing meas~~red after each step. In  a tube for a r:orrespondingly smaller band. 
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30 37 36 35 34 33 32 31 3 0  29 28 27 26 25 24 

PROJECTILE POSITION IN INCHES BETWEEN BREECH END OF BAND AND MUZZLE 

FIGURE. 7. Conlputed tangential strain per unit, prcssure on surface of 3-in. gun a l  32 in. from t,hc muzzle. (Figure ( i t ,  
XDRC Report A-323.) 

PRllJEeTlLE POSITION IN INCHES BETWEEN BREECH END OF BAND AND MUZZLE 

FIC:URE 8. Graph~cnl deternli~latioll of band-prcssurc strain a t  gauge 32 T (round 43) of 3-in. gun (Pigurc 62, N n R C  
Rcport, A 323.) 

,iss~,uning linear pressure variation, these values of dotted curves in Figure 8. This was then subtracted 
P were extrapolated to projectile positions 29-37. from the measured tangential strain, to give strain 
Multiplying them by the corrcsponding strains per due to band pressure. Rand pressure in porlnds per 
unit, pressure shown in Figure 7, the component of square inch found by dividing the peak value of 
strain due I;O gas pressure resulted, as shown by the this curve by that of the dashecl curve in Figure 7 .  
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250 1-U~AL S T R A ~  MEAGRED [ 
AT 90 IN. FROM MUZZLE 1'. 

1 0 0  95 90 85 80 
PR(MCTILE WSITON IN INCHES 

BETWEEN BREECH END OF BAND AND MVZZLE 

EIIG UHE (3. Graphical deternlinat,ion of band-prcssurc 
s h i n  at gauge 90,4 (round 61 ) o f  3-in. gun. (Figure 42, 
Third  Carderocli R.eport, A-460.) 

A somewhat similar 1net)hod \\-as used for comput- 
ing band pressure at  gauge 121.2 T, placed only 4.6 
in. from the origin of rifling. Ho\vevcr, the gas pres- 
sure was dcrived from that at  the breech, using s dif- 
ferent assumption as t o  pressure distribution. 

The results of these measurements indicate a band 
pressure, for a 100 per cent, charge round, of from 
20,000 to 30,000 psi near the muzzle, compared xi th 
a pressure of from 60,000 to 70,000 psi near the origin. 
For reducetl-charge rounds the latter pressure shows 
litt,le variation from that for the 100 per cent chrrrge, 

, but t,he pressure farther along the barrel is decreased 
' - t o  only about 40,000 psi. These band pressures escecd 

ttlie yield point of cold.-worked copper, the rnaterial ol 
t,he rotating bands used in the firings. 

An interesting special measmemcnt n-as that of 
strains in the vicinity of a hole in tlie gun bore which 
had bean drilled at right angles to the asis for the in- 
t,rodnction of a pressl~re gauge. Eleven strain gauges 
were cemented to the surface of thc grin barrel around 
tlie hole, one of them being an asial gauge at  its edge. 
The t,ypical curve of axial strain illu~t~rated in S*g '1 ures 
8 and 9 was modified, the tension peak being chopped 
off about hall way up by a jagged line \\hich corre- 
spondccl to the time the rot,at,ing bitnd \\;as passing 
undcr the hole. Axial gauges 2 in. from tlie hole's edge 
showed this phenonle~ion to a lesser degree. This re- 
ductlion in strain is at,tl.ibuted to local reduction iri 
band pressure over that portion of the hancl which 
passes urlder bhe hole. 

'.".' Studies With Army 3'7-rnm Field Gun 

High-speed strain-recording equipment for use in 
general st~*ess research has been developed in recent 
years at  the Massachusetts Inst,itute of Technology. 
I t  mas tested a t  Watertown ArsenalM4 in firings of a 
37-mm field gun, and chara~t~eristic firing strain rec- 
ords \\-ere obtained .I"" 

Eight strain gauges of the same typc as was used 
later on tlic 3-in. gun at  Cwderuck \\-ere used in com- 
binat,io11 with a special three-element, film-recording 
oscillograph. TI+-o gauges were placed tangentially 
os-er t,hc powder chamber, antl pairs of tangential and 
nlvial gauges were placed ncar the origin of rifling, 
mid~vay down the barrel, and near the muzzle. Th.e 
firing-strain records of the t ~ v o  gauges near the pow-- 
der chamber rose smoothl>+ to maxima and then de- 
creased gr:idnally. Gauges 3, 4, 5, a,nd 13 exhibited 
curves similar to those of Figures 1 antl 2. 

Gwge 7 indicated sonie vibrational effect, hut this 
IT-as much more pronounced for gauge 8, the tangcn- 
tial gauge near the muzzle. These vibratory strailis 
developed earlier and were greater in amplitude when 
the projectile had a nluzzle velocity of 2,650 fps than 
when, the velocity was 2,520 ips. At 2,000 fps the 
effect -w:is hardly noticeable. 

J,at,er a detailed study of band pressures in these 
firings \\-as n~ade." '~ The conlputetl band pressure 
r e i ~ ~ h c d  a m:tsimum of 78,100 psi. This value is of the 
same order of magnitude as that found for the 3-in. 
gun used in exveriinents described in Section 7.4.1, 
when the bore \\-:Ls greascd. 

Several types of tht:oretical analysis were intro- 
duced in this study. The first is a modified shear anal- 
ysis, which gavc good resu1t)s for band pressures dur- 
ing firing when taken in conjunction with oscillograph 
records of firing strains. When t,his distortion mas 
later combined with hending, agreement with experi- 
ment was i~gain good, except for masimum stresses, 
11-hich ohccked better \ l t , h  full shear analysis. 

T\\ro general methods werc employed in interpret- 
ing the firing data. Thc first inethodU%ssassulnes that 
tlie rotatling band acts like a narrow- bmd of high 
pressure moz-ing down t,he barrel, followed by the 
powder pressure. The crest of the transient ~~-ouJd 
occur at  the instant the center of Ihe rotating band 
passes tlie gauge location, if powder pressure is neg- 
lected. For gauges 6, 12, 15, 18, a,nd 24 in. from tlie 
muzzle of the 3-in. gun this assu~nption gave eucel- 
lent agreement." Gauges farther from the muzzle 
gave rearlings nut rcadily intferpretjecl bccanse of other 
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factors involved. The second methodv7 is a modifica- 
tion341,346 of the relaxation procedure of analysis in- 
troduced by the British, which is described in Section 
27.2.3. 

7.5 DYNA.MIC MEASUREMENTS DURING 
FIKING 0F'C.ALIBER .50 MG BARRELS 

7.5.1 Experimental Conditions 

Strain measurements were made during the firing 
of four caliber .50 aircraft machine gun barrels. Two 
of the barrels were fitted with 9-in. liners of Stellite 
No. 21, as described in Section 22.3. The third was a 
nitrjded, chromium-plated barrel, in which th.e plat- 
ing was slightly tapered tov-ard the muzzle, as de- 
scribed in Chapter 23. The fourth barrel was a regular 
steel one. 

Four types of :%mmunit%ion ~vere used: API-M8, a 
common combr~t round; AP-M2, the ammunition or- 
dinarily used in the erosion Z;est,s of caliber .50 ma- 
chine gun barrels ; Tr-MI, which previous experiences 
had sho.vvn to give the least erosion; and Tr-MlO, 
which previously had given the most erosion in caliber 
,513 aircraft barrels. (See Chapter 23.) The largest t~nd  
smallest diameter AP-M2 bullets were especially fired 
for purposes of comparison. 

7.5.2 Measurements and Computations 

Strains W C ~ C  measured with resistance gaugcs ce- 
mented circumferentially at  chosen locations on the 
outer surface of the barrel, tlle results being recorded 
by the oscillographs described in Section 4.4.2. Max- 
imum tsngential stresses were then tabulated. Start- 
ing a t  the origin of rifling, theseranged from '10,000 
psi up to vdues approaching 20,000 psi at  10 in. from 
tthe breech, then decreased as the bullet approached 
the muzzle. This was not characl;eristic of stresses 
when oil was present in the bore, however. 

Jn addition to the determination of tangentid 
stresses, calculations were made for five other cluan- 
titics : 

1. Maximum bore stresses, computed from the 
outer surface stresses by the Lam6 formula given in 
equation (19 

p, = pa-"2 - (19) 

in which Pn and Po are the bore and surface stresses, 
and w is the wall ratio. 

2. Gas pressures, similarly computed from the 
strain-gauge records, alter the band pressure peak 
had passed. 

3. Band pressure, computed by a method de- 
veloped a t  Watertown Arsenal.24Tlle band width 
was assumed t o  be 1.6 calibers. 

4. Bore expansion, eta,,, calculated from the mall 
ratio w and the maximum external tangential strain, 
et,, according to the Lam6 theory as espressed in 
equation (20) in which p, the Poisson ratio, is taken 
to be 0.3.249 

5. Heat input, by the method discussed in Section 
5.3.7. (See also Section 7.2.3.) 

7.5.3 Discussion of Results 

In  a nitkded and chromium-plated barrel with ta- 
pered plating, the band-pressure peak disappeared a t  a 
point between 1.4 and 21 in. from the breech; in the 
stellite-lined barrel this oc,c~nrred around the end of 
the liner, a t  about 1.2 in. from the breech. 

Band pressure, when present, was greater then the 
gas pressure. When the bore was oily, these b i d  
pressures, except at  the origin of rifling, were lligher 
and 1:isted for a greater dist,ance down the barrel. 

Outer surface strcsses on the chamber section, of a 
lined barrel w r e  smaller than on a monobloc barrel. 
The more erosive ammunitions produced the greatest 
strains. Maximum gas pressures ranged from 45,000 
to 53,000 psi and maximum band pressures from 
51,000 to 75,000 psi. Thc bore expansion wt~s of the 
order of from 0.001 to 0.002 in. 



Chapter 8 

EXTERIOR BALLISTICS OF HYPERVELOCITY PROJECTILES 

8.1 INTRODUCTION in particular on subcaliber project,iles, the resultfs ob- 
tained are of value for exterior ballistics in general. 

~'RVELOCITY PROJECTILES have many advan- H"" tages, as far as exterior ballistics is concerned, as 
in.dicated in Chapter I, provided that they can be de- FLIGHT CHARACTI<RISTICS OF 
signed so aa to satisfy tn-o conflicting requireinent,s. HYPEIXVETAOCITY PROJECT1LES 
These are : (1) stability (so that thr: yaw is kept small), 8.2.1 FTypervelocity and Energy J,oss 
and (2) high balli~t~ic coefficient (i.e., low :~ir rcsist- 
:mc,e). Calculations, confirmed by firings, sllo\v that 
these requirements car1 bc met satisfactorily by sub- 
caliber projectiles and cvaluate their advantages. 

Much research was inrolvcd in these developnients. 
Simplified methods hsvc been devised for predicting 
the behavior of projec:tilcs in the hypervelocity range. 
The st:~bility and thc optinlulrl proportions of sub- 
caliber projectiles haw: l.)een investigated for a selected 
minimum value of the stability fwtor. Since esperi- 
mental ballistic data at  high ve1oc:ities mere 1,ackirlg 
for a series of projectiles having a systematic varia- 
tion of dimensions, a theoretic~~l att,:ack was made on 
the behavior of the drag anti t,hc stability at  high 
velocities through the application of the dynamics of 
compressible fluids. The tmheory also makes possible 
an estimation of the effects of varying ogive lengths. 

Hypcrvelocity projectiles differ in their esteriol. 
ballistics from atandard projectiles in two respects: 
(I) there is an cffect caused purcl?. by t,heir higher 
\-~locit,y; (2) the projectiles themselves are generally 
different from the standard type, and in the cases of 
greatest interest are subcaliber. 

The first effcct can be described by saying that a 
given projectile overcomes air resistance more effi- 
ciently at  hypervelocjty t h m  at  conventional speeds. 
The drag force d resisting the motion of a project,ile is 
erpressiblc as lr"."O" 

where p is the air density in pounds per cubic foot, D 
is the diameter of the projectile in feet, :~nd I J  is its 
\.elocity in feet pcr second. The clirnellsionless coeffi- 

TARTX 1. Remail~i~~g rclocities (I tV) and cncrgy losses (ET,) of Gy-type projectile traveling over various ranges. 
,, , 

Range (yd) 

NIuzzle 500 1,000 1,500 2,000 
velocity HV EL 11V EL, R.V EL RV EL 

(f PS) . (fps) (per cerit,) (fix) (per cent) (fps) (pcr cent) (fps) (per cent) -- --- 
5,000 4,710 12 4,130 22 4,160 32 3,890 40 
4,OOn 3,730 1.3 3,470 25 3,210 35 2,960 15 
3,000 2,750 1B 2,310 30 2,270 43 2,040 34 
2,000 1,780 21 1,570 38 1,380 52 1,200 G,4 

The malysis of t,he results of firings is greatl~r simpli- c,ienl; K D  is, for an?- one p~*ojec:t;ile, a function of thc 
fiecl by t,he clevelopmen-t of a phot,ogrttpllic  neth hod of velocity (or, inore accu~.at,elv, of the ratio U/al ~vhcrc 
trajectory determination. Finally, t,hc effects of vari- al is the ve1ot:ity ol sound). In the supersonic range, 
011s design features have been st,udied by systelllatic TCD is found todecrease gradtially from a lnasimuln in 
firings carried out with the cooperation of Aberdeen the neighborhood of thc velocity of sound. Figure 1 
Proving C:round. illustrates a typical case. [Systematic data are lack- 

WI-lilo attentlion \\-as focuset:l onhgpervelocitiesand ing at  velocities above 4,000 fps and extrapolation is 
used ;but t)heoretical considerations (Section 8.5) sho~v 
that this is not likely to cause much error.? Thus 

(>eophysical Laboratory, Cnrncgie Institt~tion of 11-fishing- 
ton. (present H(idress: ~ ~ ~ , ~ t , ~ i d ~ ~  .cniversity, ~ ~ ~ b ~ i d ~ ~ ,  while increasing Cr increases the drag i t  also decretises 
England.) the rati.o of the dr:lg to the kinetic energy of the pro- 
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FIGURE 1. The drag oocfficicnt X D  for a projectile of 
typc Gs (This figure is based on Figure 1 of Ballistic Re- 
search Laboratory Report No. 40!), Aberdeen Proving 
Ground.) 

jectile. Consequently, in traveling over a given range, 
a projectile at  hypervelocity retains not only a greater 
kinetic energy, but a greater proportion of its original 
kinetic energy as compared with the same projectile 
at a lower but still supersonic velocity. This effect is 
seen in Table 1, which shows the remaining veloci.ty 
(RV) and the percentage of the kinetic energy that 
has been lost (EL) in a typical case, for various muz- 
zle velocities and ranges. The table has been com- 
puted for a projectileb of type Gg and ballistic coeffi- 
cient 1.0 when fired horizontally. 

B.2.2 Range and Time of 
Flight at High Speeds0 

Hypervelocity has a further advantage to  the ex- 
terior ballistician, in that i t  permits simplification of 
computations, particularly over ranges short enough 
for the curvature of the trajectory to be neglected (as 
is usually the case with hypervelocity projectiles in 
practice). If correction factors for variations in air 
density and air velocity are omitted, the retardation 
(- d U / d t )  produced by thc drag of the projectile can 
be expressed600 by equation (2), 

in which for a given standard projectile shape, F(U) 
is a definite function of the velocity (or, more exactly, 
of the Mach'number, U/al),  and C, the ballistic co- 
efficient, is defined by 

whcre m is the mass of the projectile and i is the 
"form f a ~ t o r " ~ ~ ~ , ~ ~ ~ - a  number usually close to  1 that 
corrects for the deviation of the actual projectile 
shape from the standard one to which F strictly ap- 
plies. In equation (3) and subsequent equations based 
on it, the projectile diameter D is measured in inches, 
instead of in feet, as in equation (1). For ranges that 
are short enough for the curvature of the trajectory 
to be neglected, equation (2) lcads to 

where the projectile velocity falls from UO to  U in 
traversing a distance R in a time t. Now, over the 
hypervelocity range, the function F(U) is very 
L'smooth," partly because it is obtained by extrapola- 
tion, and can be approximated sufficiently well by tthe 
linear expression 

where A and B are suitably chosen constants, easily 
determined gapbically. For example, i t  has been cal- 
culated that in the range 3,800 d U 2 6,000, if 
A = 0.0001 and B = 0.0123, the error is less than 
one-third percent. Here the projectileqs of type G1, 
and the velocity is ineasured in fect per second. In a 
wider velocity range, 2,400 S U .S 6,000, if A = 
0.00009 and B = 0.06, the error is less than 3 per 
cent.42 The substitution of AU + B for F(U)  in equa- 
tions (4) enables the integration to be carried out ex- 
plicitly. Thus 

t (in seconds) = (7) 

The Gs type of projectile ia characterized by a cylindrical 
base and a long ogive (radius of 5 to calibers). and the relation between t and R can be obtained.42 
It is the standard British projectile form. Equations (6) and (7) also enable C to  bc deterrnincd 

O Based on a memorandum, not available for ucnerd circula- 
tion, from C. W. Beck and K:F. Herzfeld, catholic University, The GI type of projectile is characterized by a square base 
to the Chief of Division 1, NDltC, 1942. See also pp 67-75 of and a blunt ogive (radius of curvature: 2 calibers). It was one 
NDRC Report A-234.1a of the types fired a t  GAvre. 



STABILX'CY OF SUBCATJEER PROJECTILES 165 

horn a firing of t,hc projrctile. For this purpose i t  is 
found that a single firing over a long trajectory gives 
more accurate rcsults than several firings over shortcr 
distances. 

8.2.3 Subcali'ber Projectiles 

The effect of replacing a standard projectile by one 
of subcaliber can now be considered. It is evidcnt 
from equation (3) that scaling down a full-caliber pro- 
jectilc to one of subcaliber tends to decreasc the bal- 
listic coefficient C, because the m:ws varies as the 
cube of the caliber. Thus, a comparison between the 
two types of projectile she\\-s that 

CllC? 5 Dl/Dz, 

where the subscript 1 refers to the subcaliher projec- 
tile, and the subscript 2 refers to the one of full cal- 
iber; hence, the retardation of the subcaliber projec- 
tile will be at least D2/D1 times the retardation of the 
full-caliber projectile. This effect is accentuated by 
the fact that, in practice, requirements of stability 
(see Section 8.3) may oblige the subcaliber projectile to 
be shorter in proportion, which results in a further 
lo\\-wing of its mass and in an inc,rcase in the form 
factor. 

To investigate how far this effect may offset the 
advantage of the higher I-elocity of the subcaliller 
projectile, calculations have been carried out for the 
least favorable case, namely, that of the sahot-pro- 
jectile (described in Chapter 29), for which. the kinetic 
energy of the sabot is wasted. Using the method just 
described, it has been s l 1 0 ~ ~ ~  that over short ranges 
the ratio of the times of flight t1 and t~ for a typical 
sabot-projectile and a f11ll-caliber projectile, respec- 
tively, is app~*oximat,elv given by equation (S), 

in ~vhich R is the range, 1..; and rj2 are the muzzle 
velocities of the two projectiles, and ;l and B are as in 
equation (ti). Prom equation (8) the times of flight of 
a 5i/75-mm sabot-projectile and a 75-mm full- 
caliber projectile fired From the same gun have been 
calculated for various ranges as shown in Figme 2, 
using Cl = 2.0, C2 = 2.6, (71 = 2,805 fps, and LTz = 

2,050 fps. 
I t  will be seen that up to 3, range of 5,000 ft, the 

time of fight of the sabot-projectile is only about 
three-quarters ol the time of flight of the correspond- 

R IN FEET 

F~cunm 2.  Rntio of time of flight of 57/75-mrn ~abot -  
projectile to t,hat of a full-calihcr projccLilc fired from thc 
same gun to various ranges. (This figure has appeared 
as Figure 18 of NDRC 12epor.t: A-234.) 

ing full-caliber projectile. Furthermore, over this 
range the tn-o projectiles have nearly equal kinetic 
energies ; and since the sabot,-projectile has its energy 
concentrated over a smaller area, i t  has the advan- 
tage in armor-piercing ability, as discussed in Section 
Y .2.2. 

The above calculations refer to an estreme case. In 
practi.ce a cornpronlise is oftten made by increasing the 
mass of the subcaliber projectile, usually by giving 
i t  a core of tungsten carbide. This results in a lower 
initial velocit,y but a more favorable ballistic coeffi- 
cient, and, moreover, tungsten carbide leads to im- 
proved armor penetration, for the reasons given in 
Section 9.2.2. Another reason for this compromise is 
the need for stability, which will now be considered. 

8.9 STABILITY OF SU'BCATJRER 
PROJECTILES 

8.3.1 General Theory 

The requirement of stability is crucial for subcaliber 
projectiles, especially sabot-projectiles. Accordingly 
the following account begins by bricfly reviewing the 
general considerations involvecl. 

In general, a spinning projecttile in flight does not 
point csactly in the direction of its motion, but yaws 
in an oscillatory way; and i t  is important that the 
yaw should be damped out, or at  least should not in- 
crease. The projectile is then said to be stable. 

In  the first instance, the situation inay be si~npli- 
fied by disregarding the more complicated feat,urcs of 
air resi~t~allce and considering only a short portion of 
the trajectory, so that the retardation of the projec- 
tile and the effect of gravity can be disregitrded. The 
air resistance acting on the projectile is then equiv- 
alent to a single force f, which can be resolved into 
t ~ v o  components: (I) the axial drag dactting along the 
axis of the projectile, and (2) a force L perpendicular 
to the axis, acting through point P on the axis 
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"I- 

AXIAL Dl.,, 

FIGURE 3. Simplificil representation of 1;he forces that 
act on a spinning projectile in flight. The air resisl;ance is 
considcred as a single force having tw-o colnponents: the 
axial drag d acting along thc axis of Ihe projectile and a 
force I; perpendicular to the axis, acting through the 
ccntcr or prcssure P. For a spin stabilized projectile, P is 
in front of the centcr oC gravity C. The a~lgle of yaw is c. 

called the center of pressure (see Figure 3). For spin- 
stabilized projectiles, the centcr of pressure P js in 
front of the center of gravity G. 

The moment tending to overturn the projectile is 
then M = LD (h -Q) ,  where y and 11 are the dis- 
tances (in calibers) from the base A to the centers of 
gravity and pressure, respectively, and L) ifi the cftl- 
iber of the gun. 

It is found that L/E and h are nearly independent 
of the yaw 6 (measured in radians), provided 6 is not 
too Iargc ; hence 

where Can, for the moment, be ~egnrded as constant. 
The condition for stabjljty184,'"~"v is then s > I ,  
wl-lerc s, the stability factor, is defined by 

in which A is thc axial moment of inertia of the pro- 
jectile, B is the momcnt of incrtia about the tmns- 
verse axis through the center of gravity, and N is the 
asial spin of thc projcutile (in radians per second). II 
the condition that the stability factor is a constant 
grester than unity is satisfied, the motion of thc nose 
of thc projcctilr as seen from the center of gravity 
will bc epicyclic. For the simplified set of iorces shown 
in Figure 3, the motion is that of a simple epicycle, 
\vhich is the path traced by a point attached to  a fixed 
point by two jointed links, each of which rotates 
uniformly, as illustrated in Figure 4A. 

Stability 'Under Actual Conditions 

If now the full effects of the air resistance are al- 
lowed for, the situation bccomcs more complicated. 
There are forces and couples present caused by the 

Magnus effect, by the frictional ~~esistance to the spin 
of the projectile, and even by the yawing oscillations 
themselves. The complete sho~v-s tha,t if 
s > I thc nose of the projectile oscillates in llluch the 
same way as before, but the lengths of the epicyclic 
arms are exponentially damped, that is, are multi- 
plied by factors of the form eccn, where i3 is the rkinge 
and c is a parameter that is nearly constant. This 
damping causes the path described by the nose of the 
projectile as seen from the center of gravity to be that 
shown i.11 Figure 4B.600 

Flc:ua~ 4. Epicyclic motion of the nose of a projcctile: 
A. R.eta~dation and effect of gavit,y ilisregarded. B. Full 
cffcct,s ol' air resis(,ance considered. 



jectiles, e.g., rockets, the limit lor. s is largcr; and 
very long projectiles nlay possibly be incapable of 
stabilization by spin. 
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1.5 
Noreo~er,  i t  is possible for this clumping to be neg- 

atfive, so that the ya~v can actually increase, even if 
,s > 1." The condition for positive damping of the yamT 
is foundi to be 

(1 + t')" 
s>-, 4t 

Stability Over Long Arcs of the 
r > I rajectorp 

A 1 1.0 

--RH - - (I<A - ~ K T )  
where 1' = 

B 2 
A 1 (11) 

7 K ~  f j - ( K n  - ~ K T ) ,  mD 
K M  

in \~hich is thc diameter of the projectile, 712 its 
mass, il. and B the motnents, and K L ,  Ii.4, KT, are 
various dinlensionless coefficicnts, all nearly constant. 

0.5 
Equation (11) is more restrictive than th~:  condit,ion 
s > 1. The coefficients involved are difficult to meas- 
ure ; but, using the best est,imatesc availat)lc, s should 
be a t  least 1.2 lor pro,jectiles of conventional type if 
thc yam is to be damped st all, and shoulcl preferably 
bc at least 1.5 for rapid damping, namely, a shrink- 
age of both epicyclic arms to one-half of their initial 
value in 3,000 calibers of travel. A value of s of 1.3 o 

The foregoing applies o11ly to a short arc of the 
tmjectory. Over longer arcs, the variation of p must 
be takcn into account,. Tltc "moment coefficient" P 

can bc expre~sed"~"~y equation (121, 

- 
\ 

- 

1.0 1.5 2.0 

FIGURE 5 .  The coeficicr~t R.11 in equation (12) as ti 
function of (he vclocity for n projectile of type ,J. (Re- 
printed by pern~ission frola l?L?t~)~ents oj' Ordnance by T, 
6. Hayes, published by John Wiley and SOIIS, TIIC. This 
figure is based on Figure 223 in that work.) 

may be taken as a minimum. For unusually long pro- 

KA- are, for a given projectile shape, functions of U (or 
rather U/a.l) ; Ii.qf does not vary greatly in the relevant 
range (see Figure 5)."0 Along the traje~t~ory, U de- 
creases faster than the spin A'; hcnce, from equations 
(10) and (12), s incre~lses along the t,rajectory. T ~ L I S  if 
a projectile is initially stable, it will remain so. 

p = pK.IIrDV = ?K.vD3(h -g)U2 l 2  Equation (12) rho\\-s also that the stability of s pro- 
jectile depends on the 11-eather. A projectile fired into 

(where IrTN = LlpD2U%) ; here, as before, p denot,es denser (e.g., colder) air than standard will have LL 
the air dmsity, C the ~~elocitv, tlnd the caliber of monlent coe~cient ,  and hcnee smaller Sta- 
the projectile. The dilnensionless coefficicnts lillr and bility factor, than 11-lien fired under standard condi- 

tions. To allow for this, and to provide margin of 

Personal colllnlunicxtion 1. E. Seg:ll, ]3311is+,ic Re- safety, the stability factor of a projectile when testecl 
search Laboratory, A'tjcrduen Proving Ground, as given in his under standard conditions sh0~11d be at least 1.5. 
metnorand11111 to R. N. Thomas, September 28, 1944. An 
exnnlple wns given irr that tnemorsndllm. 

8.9.4 
This equation is based on onc published by Kent xncl Stability AS Affected 

McShxnelw (equation 31). A substuntially equivulerlt condi- By Special C0ndition.s 
tiort, in the nota.tbn of Fan-levM" is: 

( h +  kIa Under special circumstances, this limit for s nlay be 
s > 

4 ( h + r )  (R - Y )  modified. 
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I f  the initial yaw can be kcpt very small, a lower 
value of s may bc used; even if the ya~v  incrcases at 
first, the increase of s along the trajectory may lead 
to dnmpjng of the yaw before it  rcaclies an unduly 
large value. This consideration applies to most de- 
formable projectiles (Chapter 29) and to pre-engraved 
projectiles with wide rotating bands (Section 27.3) 
since both types acquire vcry little yaw in the gun. 

However, a larger value of s may be needed to 
moderate the yaw of a projectile fired from an air- 
plane,'74.'"3 where there may be a large effect caused 
by head wind and crosswind combined. 
Firing Ah,ead. The head-wind effect on stability is 

a t  its worst when the fire is straight ahead, for then 
the initial velocity relative to the air is increased from 
U to U + w (where *u) is the velocity of the plane) 
without a compensating increase in the spin, N. From 
equations (10) and (12) thc value of E must be multi- 
plied by U/(U + 70)" In a representative case, w 
= 300 ips, U = 2,500fps' hence the stability factor is 
decreased by nearly 20 per cent from its value when 
the projectile is fired from rest. 

Firing Abeam. The crosswind effect is at its worst 
when the fire is abeam. The projectile will then have an 
initid yaw of approximately w/U (radians) and a first 
maximum yaw of a,pproximately w/U1/1 - ~ / S . I ' ~  
In the case just cited, with s = 1.5, the yaw is about 
12 degrees, which is undesirably large. An increase in 
s is desirable on this account, to accelerate the damp- 
ing of the yaw. (I t  also decreases the first maximum 
yaw, but only slightly.) The way in which this damp- 
ing depends on s is given by equation (13),'lg3 

where c is the mean yaw, to the initial yaw, R the dis- 
tance traveled, p the air density, a is a constant (thc 
"damping constant')) and a' = D"Xb/2(s - 1)m. 
This equation is based on the assumption that the 
damping rates on the two epicyclic arms of Figure 4R 
are equal. 

Thus a satisfactory value of the stability factor for 
a projectile to be fired from an airplanc is about 1.7. 

Effect oJ Hypervelocily. Finally, one may inquire 
into the effect of hypervelocity as such on sta.bi1it-y. 
As Figure 5 suggests, the indications are that k'+I 

should be slightly smaller in the hypervelocity rangc 
than at standard muzslc velocities. This means that a 
given projectile has a higher stability factor at hyypcr- 
velocity than a t  standard velocities, in other words, 
that hypcrvelocity has to some extent a stabilizing 
effect. However, though systematic experimental 
data arc lacking in thc hypervelocity range, theoret- 
ical considcrations (which are dealt with in Section 
8.4.6) indicatc that this effcct is small ttt bcst, and 
may be reversed a t  still highcr velocities. Thus on fir- 
ing from a stationary gun, the stability factor is sub- 
stantially independent of the muzzle velocity. 

Howcver, in connection with Gre from airplanes, 
hypervclocity has an obvious advantage, since in effect 
it  reduces the relative importance of thc velocity of 
the airplane. For examplc, doubling U would halve 
the effects consjdered in the preceding subsection. 

Bummary.  To sum up, an acceptable value of the 
stability factor is in general 1.5, but it can be lowcr if 
the initial yaw is kept very small, or if the projcctilc 
is not to be used undcr conditions of high air density, 
and it should be higher if the projectile is to be fircd 
from an &plane, though this last effcct is less impor- 
tant for hypervelocity projectiles. 

0.3.5 Methods of Obtaining Stability 

From equations (1.0) and (12), 

This expression makes obvious several general 
methods14 for modifying the design d a spin-stabi- 
lized projectile so a,s to increase its stability. 

1. The twist of the rifling in th.e gun can be in- 
creased. This increases s very effect,ively (by increas- 
ing N), but was virtually excluded during World War 
11: by the great desirability of retaining standard 
guns, a consideration that might still have weight in 
the future with new guns for the sake of using stand- 
ard projectiles. 

2. The projectile can he shortened, thereby increas- 
ing A2/B.  This has the drawback of decreasing the 
ballislic. coefficient defined by equation. (3). 

3. The density of the projectile can be increased. 
Here both AYB and the ballistic coefficient are in- 
creased. There is the disadvantage that the increased 
mass leads to some loss of muz~le velocity. 

4. A compromise version of the preceding methods 
is possible whereby the projectile can bc given a core 
of denser material, such as tungst,en carbide. This has 
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the advantage that thc optimu~n combination for 
armor penetration can be selected. 

5 .  If a core is used, it Inay (if geometrically possible) 
be set formarr;l. This moves the center of gravity closer 
to the center of pressure, that is, i t  decresses ( k g )  
and so increases a uithout aflccting the ballistic co- 
efficient,. 

6. Finally, fins or tail surfaces may be used to  move 
the center of pressure closer to the center of gravity. 
As has been pointed O U ~ , ' ~ . ~ ?  this method ~vould be 
especially suitable for sabot-projectiles. I t  has been 
tried by t,he Germans and drscrvcs further investi- 
gation. 

Stability of Del:orma'ble Projectiles. 

Consider first a deformable projecttile which, after 
delormation, is equivalent to a scaled-down version 
of t,he full-caliber projectile. Wc use the subscript 0  to  
refer to the defor~nable projectile before deformation, 
the subscript 1. to  refer to it alter deformation, alld 
the subscript 2 to refer to the full-caliber projectile. 
From equt~tions (10) and (12), 

and since the conservation of angular momentum 
shows that  AINl = AoNo (if frictional losses are, for 
the moment, neglected), this can be written 

81. = 
( A O / A ~ ) ' L ~ : ~ ~ ~ ( N ~ / U I ) ~  

4pI<A~fD1aB1 . (16) 
Similarly 

Now, N o / U ~  = N2/U2, both being determined by 
the pitch of rifling of the gun. Further, if both pro- 
jectilcs have the same density, A1/A2 = D15/D$ = 

Since 9 0  > ;11, m-hile 131 < D?, the factors on the 
right tend to cancel. For example, in the 57140-mrn 
deformable projectile described in Section 30.2, 
A.o/Al = I.*, D1/D:! = 40157, hcrlce sl/sz = 0.90. 
Here the deformable projectile n-ould be nearly as 
stable as the full-caliber projectile, escept that fric- 
tional losses have been so far neglected. The friction 

Compare Chapter 30. In that chapter the adjective 
"skirteti" is used rather than "deformable." 

in the inuzdc a,da,ptor will change Ul only :x. little, 
since i t  is offset by the continued pressure of the pow-- 
der gases ; but it will slow down the angular spin. Es- 
periments indi~atel '~ that in a new adaptor about I0 
per cent of the angular niornentum is lost in this way. 
(Tn an old adaptor the loss rises to 25 per cent.) Thus 
illiVl is equal to only (0.9) AoNo, and equation (18) 
must be replaced by approsirnately 

for it new tube, the constant factor falling to 0.5 in a 
worn t,ubc. 

The lull-calibe~ projectile ordinarily has enough ex- 
cess stability for the cleformable projectile to be suf- 
ficiently stable, particularly since defor~nable pro- 
jectiles ordinarily have small initial yaws. Further- 
more, at,tention has 11een.concentrated on deformable 
projectiles with tungsten carbide cores; and, as mas 
pointed out in Section 8.3.5, this feature increases .s, 
and ma?; be made to increaae i t  still further by ad- 
vancing the core. This effect is borne out, on the 
~vl-hole, by the data?" "on-n in Table 2. 

TARLT: 2. St,ahility factors of Some 57/40-mm defonn- 
able projectiles. 

Distance from rear Distance of center of 
Type of core to rear of gravity from rear of Stability 
So. coniaine~ (in.) container (in.) factor 

1 932 1.50 2.70 2.3 
1936 1.44 2.fiG 4.9 
1.938 1.37 2.61 41.8 

Thus there is no difficulty in obtaining sufficient 
stability for deformable projectiles without undue 
sacrifice of muzzle velocity or. ballistic coefficient. 

8.3.7 Stability of Sahot-Proje~tiles14~42 

As before, \vc begin by con~paring the stability 
factors 01 a standard full caliber. projectile and a 
scaled-down sabot-pro,jectile. Using suhs'cripts 1 and 
2 to refer to the sabot-projectile and the full-caliber 
projectile, respectively, equations (1.5) and (17) are 
again applicable. Suppose tllc projcotilcs have densi- 
ties XI and Xz; thcn AIAz = ~ ~ l > ~ ~ / h ~ D ~ ~  = B1/B2. In 
the present case, rVl/Ul = Nz/Uz, both being equal 
to 2xloD2 where r calibers per turn is the pitch of 
the rifling. Hence 
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l~rcuas  6. The rat,ios of muzzle ~elocit~ies (UI/'U2), ar- 
nlor penetralion (AP), a,nd cfh'iciuncy (proportion uf 
work done by powder which pies into projectile) rela- 
tive to the ~t~andnrd, as functions of D I / D ~ ,  for (A) a 
sleel sabot-p~oject~ilc and (B) a t,ungst,cn carbide sabot- 
projcct,ilc. (This figure is basecl on Figures 3(a) and 4(a) 
of NDltC lieport A-88.) 

If the densities are the same, the requirement of 
sti~bilit~y imposes a severe limitation on the reduction 
Ijl/L)z, particularly since sabot-projectiles tend to 
have appreciable initial yaws, and hence should have 
st,ability factors of at  least 1.5. This rlifficulty can be 
ovcrcome in pa,rt by choosing a standard projectile 
\\vith a high stability fi~ctor s2 for a model, and by in- 
creasing the density. 

The validity of cquation (20) is confirmed by somc 
firings of 75/57 mm and 75/40 mm p r ~ j e c t i l e s , " ~ ~ ' ~ ~  in 
T\-hicli, however, the subcaliber projectile was simply 
a standard projectile of lower caliber, and thus -\?;as 
not designed for optfiimutn results. 

To explore the possibilities more fully, calculations 
\yere undertaken14 to determine the best, sc~~led-down 
projectile to be used in the 37-mm cannon for sabot- 
projectiles made of (1) steel and (2) t,ungsten carbide 
(for which Xl/X2 is nearly 2). In each case, the value ol 
the scaling-down ratio D1/L+ mas chosen to give the 
greatest armor penetieation a t  poirit,-blank range con- 
sistent with a stability faator of at least 1..5. Sincc the 
st,abilil;y factor of the standard AP shot in this gun 
is 3.0, equation (20) shows that Dl/& cannot be less 
t,ha.n 1 1 4  = 0.71. in case (I.), nor. less than in case 
(2). The analysis leads t,o thc results e~hibit~ed in 

Figure G ,  which sho~ss that these ratios are in fact 
almost exactly those that give maximum penetration. 

The effect of modifying the body length of the pro- 
jectile was also considered, with the final result that, 
the sabot-projectiles giving opttimum armor penetra- 
tion in the 37-mm cannon mere found to be as follows : 

1. Sabott-projectiles of steel should he scaled do\\-11 
from the standard 37-mnl AP projectile in the ratio 
UJDz = 0.7 ; thus the subcali her is 26 mm, The pro- 
portions of the projectile are then about the same as 
those of the standard, except that the body is 10 per 
cent shorter. The muzzle velocity is 40 per cent higher 
than that of the standald, and the armor penetration 
is increased by 1.8 per cent. The ballistic coeficient is 
lower than that of thc standard projcotile; tthrls t,he 
improvement applies only to short ranges. 

2. Sabot-projectiles of tungsten carbide should be 
scaled down from the standard 37-mm AP projecttile 
in th.e ratio D1/Dz = 0.5. The proportions are thc 
same as for standard projectiles ; the muzzle velocit,y 
is increased by 33 per cent, and the armor penetra- 
tion by 50 per cent. Furthermore, the ballistic coeffi- 
cient is the same as that of the standard projectile, so 
that the reduction in time of flight, and thc gain in 
velocity and armor penetration apply throughbut the 
trajectory. If tungsten ci~rbide is used merely in the 
form of a core, tlia results are intermetliate. 

8.4 MOTION OF A SLIGHTLY YAWING 
CONE MOVING AT SUPERSONIC SPEEDS'( 

,4 purely theoretical determination of the effects 
produccd upon the flight of a brojectile by yaw was 
carried out in a case which, while necessarily ideal- 
ized, is sufficiently close toacti~ality to be useful. This 
is thc casc in which the projectile has a conical head. 
The theory determines with exactness the air flow 
past the conical head, and the forces on the head. It, 
t)hen can be applied to give estilnates of the forces on 
the entire conical-headed projectile. While the results 
do not apply exactly tjo the ogival-headed projectiles 
used in service, they indicate the way in which the 
moment coefficicnt (and thus the stability) of an 
actual projectile can be expected tjo vary with varying 
ogive lengths and velocities. They also pave the -\wy 
for an eventual conlplete tlheoretical study of pro- 
jectile aerodynamics. 

" This scctioa is based on NDRC Report A-358.b" 
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and (3) at  ballistic speeds the entropy variations and 
the rotation of the flow are small, but they may be- 
come appreciable at  hypcrvelocities. 

The method a,dopted is to regard the flow as differ- 
ing from the nonyaw flow only by a smaal "perturt)a- 
tion." Products of the perturbation terms are neg- 
lected; this amounts to assumingtliat $(the square of 
the yaw, measured in radians), can be neglected, or 
that E does not exceed (say) 5 degrees. A number of 
cruder approximatei treatments have been sug- 
gested,47~434~446,4fii~494 some applicable t,o arbitrary 
slender bodies of revolution; however, they do not a 
priori seem accurate enough for the present purpose. 

Without entering into details, the method can be 
described as follo~vs. The air is considered to move 
with velocity Urelative to the stationary cone. Spher- 
ical coordinates (r,O,@) are used as indicated in Figure 
9. The velocity components of the air relative to the 

FIGURE 9. Coordin~.les used to describe the motion of 
a supersonic cone having 8, slight yaw r. (This figure has 
appeared as Figure 2 of NDRC Report A-358.) 

conical head in the dircctions of increasing r ,  8, and +, 
respectively, are denoted by u,v,w. The air density a t  
the point ( r . ,O ,+)  is denotcd by p,  and the pressmc by 
p. The nonyaw values of these quantities are indi- 
catcd by barred letters z, !, ctc.; from symmetry, 
G = 0. The differences, such as w-V, can bc cxpanded 
as Fourier series in +. I t  is found that only the "first 
harmonics" are significant, and that one can write 
(for the flow between the shock wave and thc conic~l 
hcad) 

equations of motion, the '(equation ol continuity" 
(expressing the conservation of mass), and the re- 
quirement that the flow, once past the shock wave, 
must be adiabatic-that is, p/py (where 7 is the ratio 
of t,he specific heats) must be constant for each air 
particle, although i t  varies from particle to particle 
because of the variation in entropy. These equations 
can be greatly simplified since various combinations 
of the unlmowns can be integrated exactly; and one 
finally obtains a linear secolld order differential equa- 
tion for x/d as a function of 8, d being an unknown 
constant. When the conditions a t  the shoclr wave are 
int,roduced into the standard Rankinc-Hugonioteclua- 
tions, the values of s / d  and d(x/d)/d8 when 8 = 8,,, 
can be derived from the resultting equations. The 
quantity x/d is now determined; and the values of d, 
x, and all the ot,her unknowns are settled by the final 
requircment that the floiv must be tangential to  the 
conical head. 

8.4.4 Experimental Verification 

A valuable check on the theory is provided by the 
fact that i t  determines the ratio-6/~ of the shock yaw 
to the projectile yaw. Thanks to the cooperation of 
the Ballistic Research Laboratory of Aberdeen Prov- 
ing Ground, this ratio was computed in one case 
(8, = 15 degrees, U/al = 1.901) and cornparcd with 
the actual vdues as shown by me?surements of spark 
photographs (Figure 7) of conical-headed projectiles 
in flight. The results are shown in Figure I0.j Since 
the dcpartures from the theoretical line are all within 
experimental error, the agreement is satisfactory. 

A further check is given by the fact that theoreti- 
cally the yaw should be independent of the shock 
angle 6,. This also holds within experimental error, 
but i t  is less conclusive since 8,, is rather sensitive to 
variations in Mach number in this range and is hard 
to  measure exactly. 

Normal Force and Center of Pressure 

= ' + cos @, ' = ' + 'y CoS $7 = sin @, From the theory, also tlic forces on the conical 
= + O S  7 = + '( cos 4j (21) head can be calculated. The force on the head normal 

where x, y, z,  9, .$ are (for given 8, and Mach number) to the projectile asis, say L/-l, is expressible as 
unknown [unctions of 8 only. 

Five linear diflerential equst,ions for these fivc un- 
knonns are obtained (neglecting c2) from Newton's 

j The valllcs given for 6 and s are, strictly, not 6 and E but 
' A closer annlysis shows thn,t the results are substantially their projections on t,he plane of the photographic plate. Horn-- 

valid if only e3 is negligible.111 The results should thus apply for ever, i t  can bc shown the,t the ~>rojectjons have the srtmc ratio 
yaws up to 10 degrees. a8 6 and r ,  so the comparison still is valid. 
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PROJECTILE YAW 8 IN DEGREES 

FIGURE 10. Re1,io of shock yaw to projectile yaw-, for 0 ,  = 1.7" and U/cr,l = 1.9. Thc yaw on cach photographic plate is 
represented by 0-m, where o and are the values read by limo observers. (This figure is used by courtesy of Ballistic 
Research T,aboratory, Aberdecn Proving Ground.) 

where K N ~ ~ ,  the contribution of the head to the total 
normal forcc L, is determined by 

evaluated with 8 = 8,. Hcre 7 is the rat,io of specific 
heats ( = 1..405), c' = U' + 2 ~ ? / ( ~  - l), and p is 
the density of the stationary air. 

This normal force LA acts at  a "centcr of head pres- 
sure" at  a distance %1 sec2 0, from the vertes, n-here 
1 is the perpendicular distance from t,he vertes to the 
base of the conical head (see Figure :I I ) .  

FIGTJRE 11. Idcalized conical-hencled projectile. (This 
figure is based on Figure 4 of KDBC Report A-358.) 

center of pressure, and overturning rn0men.t for the 
entire projectile. For t l i s  purpose the simplest assump- 
tions are made: namely (a) the projecti.le hn.s a cylin- 
drical body of length c (see Figure 1.11, (b) the pressure 
on its base is zero (nhich is verv ~learlv the case a t  
high velocities), and (c) the perturbation in the pres- 
sure produced t ~ y  the yaw is assumed to vary lincarly 
along the cylindrical body. Tlic result,ing estimates 
can be improved when more accurate knowledge of 
the a,ir flow along the body of the projectile becomes 
available. It is found that, approsimatelv, 

that the distance from the vertex to  the center of 
pressure is approximately 

D2 
j ++(2l  + c )  +- 

C3(1 + c)' 

(in which the last term is usually negligible) ; and, 
finally, that  the overturning moment coefficient K&I, 
if the projectile is homogenous (in, particular, with 
no windshield), is roughly given by equation (26) 

The axid drag on the head is also determined from 

'"(1 + )  (26) the present theory. I t  is, ho\verer, the mme as in the Icr 
nonyaw theory of Taylor and Macc011,~~~ since the 
changc produccd in i t  by thc yaw, though signific:tnt, Equation (25) for the center of pressure is compared 
is proportional to 2. I ts  determination is discusscd in inTable 3 ~~ithexperimentalvalues for conical-headed 
the next section. 3.3-in. shells,177 escluding shell types for which the 

Estimates can non- 11e made of the normal force, values are uncertain. There is agreement to within a 
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FIGURE 12. Normal hce,d force coefficient K N I ~  for projectilcs witth conical beads having various cone semi-angles, as a 
function of the Mach number U/( I ,~ .  

TABLE 3. Compari3on of estimated and experimental 
positions of center of pressure. (3.3-in. conical-headed 
shells: j = distance From vertex of cone to center of 
pressure. 811 distances measured in calibers.) 

Shell t L ' Fxpe~i- Esti- Discrep- 
type mental j mated j ancy 

1.11. 3.26 2.49 2.68 3.03 +0.35 
112 3.26 2.49 3.05 3.03 -0.02 
123 3.56 2.49 3.30 3.23 -0.07 
125 3.26 1.49 3.10 2.71 -0.39 
168 2.68 1.76 2.25 2.31 +0.06 
1.69 2.94 1..76 2.72 2.59 -0.13 

probable error of 0.15 calibers, ~vhicll is not; unreason- 
able in vicw of the experimental errors and the rough- 
ncss of the estimate leading to equation (25). I t  should 
be noted that all but the last t\v-o shell types in Table 
3 had varying amounts of boat-tail, the effect of 
which is apparently consider&le, though it has been 
neglected in making the estimate. 

sonic projectiles in general. I t  should be remarked 
that therc are two values of K ~ r r  and 6/c theoretically 
possible for each velocity. This is beciiuse the Taylor- 
Maccoll nonyaw theory shows that two regimes are 
theoretically possible in the nonyaw case, having dif- 
ferent values of B,, and leading to different drags on 
the conical head; however, only on,e of them is ob- 
served in actual firings. The other possibility (not 
shown in Figures 12 and 13) was long believed to re- 
present an unstable condition of the projectile, but i t  
recently has been obscrved in carefully controlled 
wind-tunnel experiments. The present theory pro- 
vides a partial explanation. It is found that the yaw 
ratio G/c (and also ICN) is large in the second nonyaw 
regime, so that the yaw always present in projectiles 
as fired mould lead to impossibly large shock-wave 
yaws. This sho~vs that the second regime, though 
stable for very small yaws, is unstable for the yaws 
that occur in balli~t~ic practtice. 

I*( 

8.4.6 Values of K,, and 6/e  1.0 
0.9 

The valuesk of the normal head force coefficient 0.8 

liNfl and yaw ratio 6/c are shown for various cone O" 

semi-angles 8, as functions of the Mach number lJ/al 6/EK 
in Figares 12 and 13. From equation (2Ci), R ~ s h o u l d  
vary with the velocity in roughly the same way as 0.3 

RNIIfor a given conical-headedprojectile ; thus Figure O.* 
0.1 

12 indicates roughly how the moment coefficient R n f  
a, 

0 
map be espected to vary \\-it11 the velocity for super- 0 1 2 3 4 5 6 7 8 9 1 0  

u/o, 

k These values are based on extensive computations on this F I G U ~ E  13. Ratio of shock-wave yaw 6 to project,ilc 
theory that have been carried out recently 'by the Department yaw E for projectilcs wit11 conical heads hltvirlg various 
of Flectricnl Engineering oF Massach~~setts Institlite of Tech- senli-cone angles, afi a function ol' the Mach number. 
nology, under the auspices of the Navy Uepart,mcnt."l U/al. See Fig~lre 8 for a representation of the tn-o nnglcs. 
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As pointed out above, Figure 12 shows in a general 0.280 

\\lay how the inoment coefficient .KIM may be espected 
to vary \vith the velocit,~ for.pointed projectiles in 
general although experimental observations are need- 0.200 

ed tc) verify tfhese rels.tions. Fig~ire 13 reveals the in- 
~ D H  

t,ert:sting feature that at  eestrt:mely high speeds the 
shock yan- 6 becomes larger than the projectile yaw c. 0.120 

C:alculations show that thc limiting values of 6 / c  (ap- 
proached as the speed becolncs infinite) are: 1.06 for 
0, = 1.0 degrees, 1.07 for 0, = 20 degrees, ~ ~ n d  1.08 for 0.040~ 

3 4 5 6 
8, = 30 degrees. 

7 

u/o, 

Frormu: 14. Thc hc~~d drag coefficient KDH, as func- 

8.5THE DRAG COEFFICIENT FOR A CONE tion of the Mach number U,lur, accordirrg to tjhc sppros- 
inlate theory. (This figurc has appcared as Figure 3 in 

MOVING WITH 111GT.T. VELOClTY XDRC Report; -4-126 ~vhcl.c the coefficient was desig- 
rrsted as RD.) 

8.5.1 Simplification of Nonj~aw Theory 

As has bccn noted in Section 8.4, the theory of Tay- 
lor and Maccoll determines the air Ban: in the neigh- 
borhood of thc head of a project,ilc, if the head is 
conical and thc yaw is zero, Tt does not, ho\vever, lead 
to explicit formulas for the velocity components 
(ti,$ of t,he flow, orh for the drag on the head of the 
projectile, etc. ; and such explicit, forn~ulas 11-ould be 
conveilient for both practical and the~ret~ical pur- 
pose~.  A simplified ilpproxi~nate tretitment \\:as dc- 
vised ~vhich achieves such explicit formn1tts.l The dif- 
ferential equation of Taylor and Maccoll is replaced 
by an approximate equation thekt can be solved es- 
plicitly. This is done by disregarding the variation in 
air density in the flow behind thc shock. Jn this ~k-ay 
it  is found that 

= sin2 8, + cos 8, cos 0 
tan 1/20 + sin? 8, cos 8 In -,.,...,.,--- 
tan 1/20,' (27) 

(where & denotes the value of ii for I9 = 0,) 11-ith sim- 
ilar formulas for 0, etc. The drag on the conical hcad 
can be expressed us 

and ICD!~ is likewise determined approximately. i t s  
values, lor varying Rlach numbers U/ul, are sho.\.\n 
for two cone semi-:lngles (6, = 10, 20 degrees) in 
Figure 14. 

Theoretical csti~nat~es of the error produced by this 
approxiination show that Ti and I i D l r  should be accur- 
ate to within 1 percent for Mach numbers of ovcr 2.5 

Slight changes in the notation used in XDRC Report 
A-12625 have been ~nade  in the present suninlay. 

m d  cone angles of 10 degrccs or over, and the accm- 
my  is much greater for largc Mach numbers. T-TOIV- 
ever, the approximfitions to F and 8, will be less 
accurate, as confirmed by ilumerical calculation. 

I t  is known that,'"?" roughly, 

where I<n is the drag coefficieilt for thc entire pro- 
jcctile. In this way lin can be estimated, using F'g '1  ure 
14, for velocities higher than those for which direct 
esperirneiital determinatio~ls have been carried but. 

The theoretical evaluation of the cxtenl; to ~vliich 
the yaw of a conical-headed projectile increases the 
drag on the heed is in principle similar tfo the determi- 
nation of the other ?.a\\- cifect's described in Section 
8.4. 1 t i s  necessary, as sho~vn there, to consider the 
second approsinia.tioi1 on the assumption that the 
first approsi~nation is no\\- ho\ \ -n .  I t  can be shown 
tha,t the desired second approsima,tion (now neglect- 
irlg t3, whcre c is the .an- in radians) is expressible in 
the form 

26 = E + -tx cos 4 + i L ( t i O  + uz cos 2 $), 
1, = ,0 + E2J COS 4 i- E'(z'" + 112 COS 2 $), 

w = EZ sill 4 + ~ I u : ~  sin 2 4, (30) 
p = + ~7 cos 4 + d(po + p2 cos 2 G), 
p = p + E E  cos $ + typo -t ~z COB 2 +), 

where thc ten unkno11-ns uu, w,z, etc., are functions ol 8 
idone for given 19, aac:l U/u,. For the determination of 
the drag, only the unkno~ms with subscript 0 need to 
be considered. The equations connectiilg them are de- 
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rived and simplified in essentially the same wuy ss 
before (in the first approximation). Two complica- 8.5.4 Suggestions for Further Research 
-ti-ons wise, however. First, the equations, though of DIFFERENT HEAD SHAPES the same general, character as before, are decid.edly 
marc complicated. Second, several of the unknowis 
apparently bccome infinite when 0 = 0,. Thi.s is be- 
cause in these equations $/'; is neglected rather than 
€5 and since E = 0 when 0 = &, the equations are no 
longer valid approximations for values of e close to 
0,. Fortunately the unknown (PO) needed for the cffcct 
of yaw on the drag is not affected in this way. Finally, 
i t  is shown that the drag on the head of the projectile 
(i.e., the component of the air resistance along the 
trajectory, rather than along the axis of the projectile) 
is expressible as 

where p is the free air density and kr,gyH, the "head- 
yaw drag coefficient," is expressed in terms of the 
solutions of two lincar second order differential equa- 
tions wit11 simple boundary conditions but with com- 
plicated coe l f i~ i cn t s .~~~  

T t  would be very desirable to have a theoretical 
study of more realistic head shapes than the conical. 
Progress has been made in this direction under the 
auspices of the Armed Forces. One method332 is based 
on the fact that any pointed ogive can be closely ap- 
proximated by a cone i.n the neighborhood of its tip, 
and the airflow past the ogive is derived as a pertur- 
bation from the theoretical flow past the cone. This 
seems to give B good approximation to the flo\%- 
around part, a t  least, of the O ~ ~ V F .  Another proposed 
mcthodM0 is to start with a plausible shape for the 
shock wave (which is hard to predict exactly for 
ogives other than conical) and then determine the 
ogive that would give this shock wave, and the result- 
ing airflow. By repenting this computation with sev- 
eral shook-wave shepcs, thc flow for a given ogive 
could bc obtained by interpolation. The computs- 
tions :ire nccessarily lnborious, since now partial dif- 
ferential ecpations must be solved. 

8.5.3 Estimate for Entire DRAG FUNCTION 
Conical-Headed Projectile 

Using the idealized projcctile shown in Figure 11, 
i t  is assumed (for a rough approximation) that the 
yaw does not appreciably change either the prcssure 
on the base (which is nearly zero, in any case, at  high 
velocities) or the skin friction. From equation (311,it 
now follows that the total drag on the conical-headed 
projectile is expressible as 

Kn(l + k'ny€")pDW2, (32) 

whcrc K*,., the "yaw drag cocfficicnt" (often nlso de- 
noted by T<D&~) is given roughly by 

Once the flow around the head of a (nonyawing) 
projectile has bccn dctcrmined, i t  is possible, in prin- 
ciple, to extend the calculations to give the flow 
around the body of the projectile. If thitr is practic6- 
ble, i t  would enable the drag function of the projec- 
tile to be calculated by theory alone, long a dream of 
ballisticians. As mentioned in Section 8.4.3, the :~p- 
proximate methods previously published do not seem 
to be sufficiently preci~e. Grive difficulties would 
have to be overcome (particularly in view of the 
boundary-layer effect and turbulence), and a com- 
bination of theoretical and experimental work may 
be the niost effecti.ve. 

(33) STAI~ILITY FACTOR 

where c / D  is the length of the projectile, exclusive of It should be possible to extend the determinat,ion 
head, in calil~ers, and a and ?i, denote the val,ues of 7 of the effects of yaw on the flow, which has been car- 
and p when e = @, (known from the first approxims- ri.ed out for conical heads, to general ogives or even 
tion considered, in Section 8.4). to the entire projectile. Thc stability factor of a pro- 

The computation of IZDya in a typicalcase (#, = 15 jectile would then be predictable by theory alone, 
degrees, U/al  = 1.954) h.as been un.dertaken by the with obvious advantages to  the projectile designer. 
Department of Electrical Engineering a t  Massa- OTHER AMROJ~YNAM~C COEFP~CIENTS chusetts Institutc of Technology, under the auspices 
of the Bureau of Ordnance, Navy Dcpartmcnt. As Finally, i t  may be possible to calculate the effects 
reported, it is known509 that for standard projec- produced by other features of the air resistance (in- 
tiles ICnr + 20. volvi~lg the "yawing moment due to yawing," the 
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Magnus effect, etc.) on th,e flow past a cone, an 
ogive, or evcn the complete projectile. A major diffi- 
culty here is that the airflow (relative to the projec- 
tile) could no longer be regarded as steady, but if this 
problem can be solved, the more recondite aerody- 
namic coefficients (which are difficult to measure) 
would be dcter.mined, and such things as t,he drift of 
the projectile and thc rate of damping of its yaw-, 
would bc predictable. 

I t  seems neither desirable nor practica1)le to repeat 
the method of successive approximations to take into 
account the effects produced by higher powers of the 
yam. These effec,t,s tlac  mall in p~act~ice; and, more- 
over, the method \vculd probably break do-\xn on 
t~ccount of the infinities introduced by the mcthod of 
:~ppmximation. If the may in ~vhich TC?; (say) varies 
with the yaw -\\*ere desired theoretically, the nonlin- 
earit,y of thc fundament,:ll differential cqustions 
\\*auld have to be faced. 

T:KAJECTORY DETERMINATION DY 
TRACER l'HOTOGRAPHYn~ 

8.6.1 General Method 

A simple and convenient  neth hod of obtaining bal- 
listic data froni firings \\-as developed at  the 'Univer- 
sity of New Mexico, the original purpose being to 
investigate the rclatively unexplored hyperveloeity 
regi.on. The method, hou-evcr, is of general applica- 
bility as far as velocity is concerned, but is lirizited to 
projectiles equipped with tracers. The tracer pmjec- 
tfile is phot,ographed in flight a t  night, using an ordi- 
nary (still) camera. A vibrating "chopper" in front of 
the open lens provides an autonlatic time scale, and 
the resulting photograph gives the complete trajec- 
tory and enougli data to co~npute the velocities, re- 
tardations, and ballistic coefficient of thr: projectile. 

Experimental Details 

P H O T O G R A P H I C  

P L A T E  

F r c c n ~  15. Setup for trxjec1;org determination by t,rn- 
ccr photography. (This ligure is n perspective interpre- 
tation based on Figures 3 and 4 of XDRC Report A-283,) 

rcfcrerlce points on t!le photographic image. The 
camera and chopper are set up a t  Cr, with the plane of 
t$e photographic: plate perpendicular to a vertical 
plane through the line CN. Thc plane GQ-I I l  is hor- 
izontal and CQP is vertical. A third light at  L, placed 
near Q in the plane C&$hf, provides an additional 
reference point and enables the beginning of the tra- 
jectory to bc loc,ated precisely. The chopper is set 
vibrating just before the gun is fired, each period of 
the choppe~: giving t\\-o occlusions of the image. 

The camera lens should have as flat; a field as pos- 
sible, although i t  is possible to correct for a moder- 
ate amount of clistortion. The chopper used was 
simple, consisting essentially of a weighted spring 
anchored to a heavy block; but it \vorked very \\:ell, 
its period (0,0936 sec) varying by less than 0.2 per 
cent with tempcrttture (frorn -2 C to 42'7 C) and 
amplitude. The chopper and camera \+rere mounted 
separately, to avoid transmitting vibrations to the 
camera. IVith the layout chosen, ranges up to 2,500 
yd were photographed; but ranges several times 
greater could be used with proper choice of Icns, chop- 
per, and geon~et~ry. Tlle errors can be rriade negligible 
for low-angle fire and high accuracy can be obtained 
by introducing extra light? ~narking reference points ; 
but in high-angle fire it is difficult to correct for lens 
distortion, alt,hough this error is not serious with a - 
good lens. In designing the layout, it should be borne 
in mind that Inany tracers do not reach full brillianoc 

Thc setup is illustrated in Figure 15, which is not until nearly sec after lenving the gun. 
drawn to scale. The projectile is fired from the gun G 
in a vertical plane Lhmugh t,hc hori~ont~al line JVQ. ,,,, of the Experimental 
Lights are p1:iccd at  fixed points M and N, to provide 

The co~rdinat~es z and y (see Figu1:e 15) of the pos- 
"'This section is baser1 on SDl tC  Report h-283,s: which 

shoulcl be consulted for conlnlete details of the method and for ition Pof the projectJile corres11onding ~ J O  poirlt P' of 
n discussion of thc possible sources of elbl*or. the photographic iniage (see Figure 16) are found to  
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P' , ----7---,- , --- To dctcrnline with accuracy the velocity as s func- 
)/--- 

---A 
tion of thc time, some smoothing process must be 

/--- 
I C, 

/ 
employed. The adopted procedure, which works well 

Y 
a' b' 1 *- , ,  for low-angle short-range trajectories, is to begin by 

L' - M' E' D' drawing an accurate timc-distance curve based on the 

FIGURE 1.6. Measurcmncnt,~ on the photographic plate trajectory record of Figure 17, the distance traveled 
in trajectory determination by Ilncer photograpl~y. being tasken equrtl to R, to a sufficient approximation. 
(This figure is hased on Figure 5 OC NDltC Report Froln this curve, the average velocity over each chop- 
A-283.) per period is calculated. These average velocities are 

plotted against the time, and the resulting points 
he given by should lie close to, but by no means on, a smooth. 

curve. A smooth curve is drawn close to these points, 
r ~ t l  72a C' 

x = y  ; y = n'.--. b ' (34) and is checked by comparing tjhe areas under i t  with 
0, --I< - 1 -p O 1 b - l  the ordinat,es of the R, t-curve, since 
b' r l n  

The distances a, d, k ,  1, and n are identified in Figure 
15, and the lengths a', b', and c' are shown in Figure 
16. In that figure L', M' and E' are the images of the 
three lights at L, M ,  and N which define the baseline. 
The point L)' is obtained for successive positions 
along the trajectory by dropping a perpendicular 
from P' to the bascline. Tlle horiz~nt~al range R js 
then x + GN, and the vertical height Y of P above 
G is obtained by subtrticting from y the height of G 
above the line MN. 

In practice, the positions chosen for P' are the ends 
of the intervals into which the trajectory is divided 
by the chopper. To smooth the results, these points 
are groupcd into fours (each four corresponding to a 
complete oscillation of the chopper so that the succcs- 
sive groups are accurately timed), and for every 
group of four the values of R and Y are averaged and 
taken to correspond to the average time. These e.v- 
erage values of R and Y are then plotted, and the 
smooth curve, upon which the points are found to lie 
with, re~narkablc precision, gives the trajectory. (See 
Figure 17.) 

I t -  "" = R2 - ". 
The curve is then rrdjust,ed until the agreement is 
sufficiently close, and then i t  constitutes an accept- 
able U ,  t-curvc. 

Th,e procedure can be repeated to give an r, t-curve 
(where r is the retardation) or an r, IT-curve, using the 
fact that 

1.: dU/r = tz - ti. 

In this may the law of resistance for the projectile 
can be established, and its ballistic coefficient can 
be determined. 

This method of determining the resistance function 
has an t~dvantage over the customa.ry chronograph 
methods, since one firing herc covers a range of ve- 
locitics, so that comparatively few firings a t  different 
muzzle velocities cover the 1v11ole velocity range do- 
sired. 

It is estiinatcd t,hat, over a 2,000-yd segnlent of 
trajectory, the position-versus-time d:tta are accurate 
to within less than + 1 per cent, arid the velocit,ies 
are accurate to within k2  per cent. The retaadations 

M86 PROJECTILE WITHOUT MLLISTIC CAP PLOTTED POINTS AT 0.0836-SEC INTERVALS 
ROUND 13 FIRED DECEMBER 7 1943 ANGLE OF DEPARTURE 3 3 MILS 

100 
90 
8 0  

t; 7 0  
w 60 
LC 

50 
4 0  

P M  
2 0  
10 
0 

5 10 I5 2 0  25 3 0  3 5 4 0  4 5  5 0  

RANGE R I N  10'  FEET 

B r c u n ~  17. A t.rajcctory deterlnined by trtlocr. photop;l.aphy. (This figwe has appeared a,s 1,Pigul.e G of NDRC R.eport 
A-288.) 
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are lcss accurate, because of the necessary differen- 
tiations. I,onger t,rajectories could be covercd by us- 
ing a number of camcrns disposed along the trajec- 
tory so as to reaord successive segments. The accur- 
acy could be increased at the cost ol making the setup 
morc ~laborat~e. 

6-1 FIRINGS OF CALlSER .50 PROJECTILES 

To i~lvestigat~e the effects of changes in details ol 
the design on the ballistic cocfficie~lt and the stability 
factor, an extensive series of firings of caliber .50 bul- 
lets was carried out through thc cooperation of Aher- 
dccn Proving Ground in connection with an invest,i- 
gation of pre-engraved projectilcs.ll The results are 
antl,lvzcd in detail in Section 27.3. In brief, it nlay 

This general investigation carried out by Division 1 at 
the Fre,l~klin Institute. See Chapter 31. 

he llr)t,ed here that: 
1. The various changcs nlitde in number, position, 

shapc and \ridt,h of rotating bands, in radius of ogive, 
and in boat-tailing (but I\-ithout greatly affecting the 
ovcrnll proportions of the projectiles), altered the 
nionlent coefficient very little, but had significant 
effects upon thc drag." Thus, roughly speaking, once 
the proportions and balance of thc: projectile are such 
t,hat it  is adcyuateljr stable, othcr changes in the de- 
sign do not greatly change thc stability factor, and 
hence can be aimed solely a t  reducing the drag. 

2. Abrupt leading edges of the rotating band, or 
vider or double bands, and sinlilar featurcs incrense 
the drag; a boat-tail reduces the drag, oven ut hyper- 
velocity. 

3. Features, such as double rotating l:)ands, that 
decrease the ya\v in t,he gun are very effective in 
keeping the external yaws small, even if the stability 
factor is decreased. 
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9.1.6 Transient Pressures in 
Water Penetrated by a Bullet 

MEASURE OP THE BURSTING STRENGTH O F  A TA.NK 

These purely qualitative experiments have shown 
(1) thak the disruptive effect increases rspidl,y with 
the velocity of thc bullet and that the velocity is a 
more important factor than the kinetic encrgy; and 
(2) that there are two phenomena, (a) a shock wave 
which originates when the bullet enters the liquid and 
travels with the velocity of sound (about 4,800 fps in 
water), and (b) a secondary disturbance of unknown 
nature which travels much more slon-ly. They show 
further that much more energy is associated with the 
secondary disturbunce than with the shock wave, a t  
least at  low bullet velocities. 

The ability of the container to resist disruption by 
t~ uniform pressure (such as might be applied by a 
pump) can be exprhessecl either (I) ss the pressure just 
klcfore the tank bur*ts, or (2) as the I\-ork that must 
be done to stretch the tank to the bursting point. The 
latter is t,he better concept for orlr purpose bec~use 
we have, jn 'the shock wave, pressures that mig  be 
fsr greater than the bursting pressure of the tank but 
of such short duration that the work they can do may 
be inadequate. 

We can, imagine two tallks of the sa,me size, one ot' 
glass and the other of rubber, with the mall thickness 
so proportioned that they will burst a t  the samc pres- 
sure. Once thc tank is filled, a single stroke of the 
pump might be sufficient to burst the glass tank while 
many strokes might be required for the rubber tank. 
As \YC have seen, the pressures we are dealing with 
are non~mifonn. Even so, the w-ork done on the walls, 
or on.one wdl, of a particular container should be a 
measure of the relative effectiveness of the same type 
of bullet fired a t  different velocities; although there 
is the possibility that this methocl may fail to indicate 
significant changes in prcssure djstribution. 

EXPERIMENTS WITH M 7 l T E ~  RAT,LISTIC PEN]) ULUM 

T h e  Pcr~dulum.  These considerations led to the con- 
struction of a muter ballistic pendulum, - shown in 
Figure 91 The bddy, U, of the pendulum was :L 16-in. 
length of a morn 3-in. steel gun liner having walls 
aboilt 1-in. thick. The br~ck (right hand end in the 
fignre) wns closed by a lieavy steel plate P,  held on 
by eight %-in. cap screws and made wttt,ertight by 8, 
rubber gasket. The front of the bodv wa,s closed by a 
disk of tai: paper held in place by the flangednozzlc N. 

Flcu~m (3. Wntcr ballistic pendulum 

The purpose of the nozzle was to confine the expelled 
water to a n:irrow cone so that the rnoment,um of the 
empty pendulum would be substmantially equal to the 
t o t ~ l  rnomeniium of the w-ater. 

The pendulum was hung from the ceiling by four 
strap iron links L and its an.gular deflection was indi- 
catcd by a friction pointer which was moved over a 
scale S by a pin in a,n extension of one of the links. A 
piczoelect~ic pressure gauge G fitted into a hole in the 
rear plate was connected to an oscillograph t,n give a 
permanent record of thc w-ater pressures. 'The pendu- 
lum body could be filled completely with water by 
disengaging thc rear links so that the body hung 
vertically. 

Procedure. The bullet was fired through the tar 
paper disk as nearly as possible along the axis of the 
body. Practically all of the water was expelled vio- 
lently, taking the bullet cvitjh it. Thus, if we assume 
that no energy 11~as lost in stretching tjhe pendulum, 
(or the cap screw) the kinetic energy, e , ,  imparted to 
it is given by equation@) 

e ,  = Wr(1 - cos 6 )  foot-pounds (I)  

~vllerc 'W is the weight of the empty pendulum plus 
two of the links (71 lb) ; r is the radius of the links 
(5.65 St) and 0 is the angle of deflection. 

Very short bullets weighing only 1.8 g were made 
of "half hard" Pllosphor bronze, and by modifying 
the po~vcler charge a rangc of velocities up Lo 5,800 
fps was ot~tained. Only 2 rounds were fived a t  this 
highest velocity because the powder pressures \Yere 
found to have h e n  dangerously high. Bullci; velocity 
was dctermined for each round by means of two 
screens of 0.003-in. copper wire placed 8 f t  apart,; the 
velocities are believed to be accurat'e to about 2 per 
cent' 

Meas,u,r.en~ent.s (I:/ Pressure and Kine t i c  Energy. The 
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BULLET VELOCITY IN FPS 

FIGURE 13. IZectangular sleel tank. 

psi for nearly a milliseco~id; and then there is an- 
other short period of somewhat lower pressure begin- 

12. Shoclc-wave pressure as a function of bullet ning near the end of the sweep and continuing Over 
velocily, water ballistic pcnrlulum. into thc early portion of thc following swccp. 

Before the water ballistic pendulum was built some 
work was done with a rectangular steel tank, Figure 
13. The front si.des, top and bottom were %-in. thick 
and the b~tck 1-in. thick. The %-in. plates were 
welded to each other but were bolted to the back 
plate. Four circular windows werc provided to fire 
through and were closed by disks of tar paper. 
There were two holes in the back plate for the 
pressure gauge; th.e one used was 5% in. from the 
line of fire. A considerable nunibcr of experiments 
were planned for this tank, but the first sh.ot opened 
up the weld at  the bottom of the front face. The t,ank 
was kept in operation for ti while by calking the leak 
with putty, bnl; when the side scams began to open up 
its use was abandoned. 

Figure 14 is a pressure oscillogram for a 3.1.-g soft 
dose billlet fired from the caliber .22 Swift with a ve- 
lzcity of 3,000 fps. The pressure reading for the initial 
shock wave is 7,800 psi. There is a rather violent os- 
cillation of the gauge, or of the back plate, but the 
average pressure remains close to zero until a sccond 
shock wave arrives about0.4 msec after the first. The 
average pressure remains in the neighborhood of 1,000 

MEASUREMENTS 

The early deductions from thc  qualitative cxpe~:i- 
ments were, on the whole, confirmed by the records 
of energy and pressure. The work donc on, the watcr 
ballistic pendulum increases about sevenfold as t,he 
bullet velocity is raised from 2,000 to 4,000 fps; 
above 4,000 fps the increase is less rapid. The pres- 
sure of the initial shock wave may be very high, but 
the pulse is of such short duration that i t  has little 
energy. The shock wave is followed by an interval 
during which the pressure is close to zero; t'hen the 
pressure rises to u moderate value which is sustdned 
for some time. 1t is believed that disruption of a flex- 
ible tank is caused by this later, sustained pulse. The 
mechanism by which this pulse is produced was not 
determined. 

It is cluitc possible that thc water ballistic pendu- 
lum may be too unlike the self-sealing gasoline tanlcs 
we are interested in. A better representation might bc 
given by a pa,per tank in which the surface of the 
watcr was covered with floating cubes of wood rough- 
ly corresponding to an upper, horizontal wall of the 
tank. The height to which one of these blocks is 
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4 

of the container, c is the velocity of an acoustic~~l 
wave in the liquid, and t is the time. 

pb = (:) . The general solution of equation (2) is given by 
(11) 

equation (3, If d{/dt is of the order of magnitJude of the velocity of 
the bullet, say 3,000 fps, and if a/b = 1/15 (a ratio 

1 1 
f = -f(ct - r) + - F ( o t  + r) ,  (3) that is valid for the cans used in the experiments de- 

r r scribed in Section 9.1.2), p b  mould be about 6 tons per 

in T;vhich f and F are functions. For out- square inch. If a rigid container .\~rtll is perpendicular 
going waves only f applies, so that equation (3) may to  the plane of the wave front, the wave will be re.- 
be replaced by equation (4) flected back along the path by which it came, and 

during reflection the incident and reflected waves will 
1 1 = 7S(ct - r). combine to give a pressure twice that just stated. 

Equation (11) indicates that for givcn valucs of b - 

and v the pressure st the mall of the container is pro- It is well known that  for such a. system the pressure 
portional to and hence to the cube root of the mass 

p a t  any point is given by equation (5 ) ,  of the bullet. Equation (11), however, does not show 
why the hypervelocity caliber .22 bullets fired a t  a 

(5) velocity of 4,000.fps were so much more de.ma.ging 
than the caliber .30 ones fired a t  2,700 fps. The cal- 

where E is the elastic modulus of the liquid. By corn- culated pressure in the former case was only 9 per 
bining equations (4) and (5) ,  the pressure may be cent greater than in the latter. 
expressed by equation (6)) where p is the density. 

TRANSFER OF ~ ~ O M E N T A  

(6' Another feature of the experiments described in 
the foregoing sections is that when a bullet is fired 

In the case of the spherical bullet that suddenly into water there is a very large transfer of momenta 
begins to increase in ra,dius a t  the r:tte v, the pressure if the water is free to move. Th.us in the case of the 
a t  a radius a is given by equation (7). experiments with the ballistic pendulum the momen- 

P, = pcv. (7) 

In  order t o  obtain the pressure a t  a later time t a t  a 
radius r, equation (4) may be differentiated with re- 
spect to time and then evaluated for t = 0 to give the 
velocity of particles a t  radius a and for t = (r -a)/c 
to give the velocity of the particles a t  radius r. The 
resulting expressions are given by equations (8) and 

which, when combined with equations (6) and (7) 
give equation (10) for the pressure at radius r .  

turn PI imparted to the pendulum in the direction ol 
flight of the bullet was from 13 to  19 times the orig- 
inal momentum of the bullet. Because of the law of 
conservation of momentum, the amount of momen- 
tum Pz imparted to the water in the opposite direc- 
tion must have been equal t o  PI less the original 
moment,um of the bullet. 

Such a large transfer of momentum, although i t  is 
not frequently encountered, is merely a special case 
of u general relationship that may be expressed ill thc 
following terms. Suppose that a mass ,m having a ve- 
locity 11 is permitted to share its momeritum with two 
other masses. For simplicity in computation supposc 
further h a t  these two masses are equal, and hence 
may be designated by M. For the sake of generality, 
suppose that only a fraction cu of the original kinetic 
energy of the first body is conserved as obsc~vable 
kinetic. energy, the remainder being converted into 

p = PCV(:) . . (10) heat; and further, that of th.e kin.etic energy lost by 
this body, only a fraction Pis conserved as observable 

The pressure a t  the wall of the container of radius kinetic energy in the two masses M, the remainder 
b, when the pulse reaches it, is given by equation (11). being converted into heat. 
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Thcse t,wo contiitions are expressed by equi~tion described for practical purposes by for~nulas express- 
(12) anil t,he conservation of rnolrlcntunl by equation ing WTIt2/d%ss tl lunction of e/d and 0, wh.ere r: is 

(13). plate thickness, e/d is plate thickness in calibers, ant1 

Eqliations (12) slid (13) majT lne solved for the mo- 
me:lt~~ of the t \ \ - ~  large m:isscs, as give11 in equations 
(l4), in which 111 'represerits 12 /3 (1 -cr)M.rn -crLm" 11" 

amv M'v niw,  = - 
2 +T (14a) 

Thus by nlaliing 114 suficiently largc, \I-c can make 
the monientuln M V r  as large as we plcase; but by 
~vhat~evcr amount i.t exceeds amn,v/2, there is al\\-ays a 
corresponding amount of negative momentum in the 
other mass. It should bc remembered t,llat t)y putting 
a finite alzlount of nzome.ntu?n into a very large mass, 
TI-e endo\\. i t  wit11 only an infmitesim:d arnol~nt of en- 
cl-!~y, whereas by putting a finite amounl; of energy 
into a very large mass, \\:e endow it, with a very large 
momentum, an infinite amount in thc lin~lt~ing case of 
an infinite mass. 

9.2 AlCMOR PE RFORATIONc 

9 a,l Specilic Limit Energy 

.It is convenient to discuss the perforution ol armor 
plate in terms of the "specific limit r:ncrgy," which is 
defined by the cspression I.F'l',"ld" where W is 
\\ieiglit of projec,tile; d is diameter of projectile, that 
is, the caliber; and 1'1 is limit velocity. By "limit 
velocity" is meant t,hc minimum velocity required to 
defeatf tthe plate. Most experiment~~l rc~alt;s may be 

"Only a short description is given here of the perforation of 
nrnlor by hypervclocity projectiles sil.~cr$ thc subject is covcrcd 
nlrich lllore extensively in the &immary Technical 12eport of 
Division 2. where :I. bibliography will he found. 

'I'hc term "defeat" as used hcre m:ty Ibe clefined in vsrioi~s 
\rn.ys. The limit velocity for conlplete pe1.fo1.3.tio11 01 the plate 
by the entirc projectile constit~~tcs dcfcat in Snvj- teril~inol- 
ogy, \\-hereas u pir\hole ninde by the very tip of the ~x~issile 
ivcpresents defeat. in Arn~y parlance. T~lmiL vclocit,ics f o~ ,  b111~- 
illg, qx~lling, cracking, plugging, inay likewise be defined. Tlle 
cliscussior~ given hcre npplies regardless of \\*hich kind of "de- 
feat" is under consideration but quantitative ltntl ~luinericvl 
results refer to the conlplete perforutiol~ of tllc plate I,y the 
armor-piercing core of the projectilc. 

6' is obliquity, tliat is, the angle bet\\-een thc trsjec- 
tory and the normal to the plate. 

One way to s~st~ematize the obacrvatiolis is to 
nlnke a chwt in ~vhich JT7Til?,'dR it; plotted against eld. 
The results for a particular com11in:ltion of projectile 
and platme material and a particl~lar angle 0 w,ill be 
lounti to lie along a cm?-e or band, tlir? width of the 
hand representing the uncontrollJ~lc sc:ttter in the 
tlata. For a different :ulgle 0 a diffcl.ent band will be 
found. The nc1vant:Lge ol such a choice of variables is 
t , l~at i t  reduces the results obtained ~vith a11 sizes of 
projectiles to a conlnion basis. The f:wt tha,t exten- 
sive investigation has shon-n that this procetlurc is 
possible \\*ithout much error me:Lns that thcre is vcry 
little "scale effect," 111 armor perlolst'ion. Ho\\*ever, 
this scale effect, IT-hile small, is nc:\-ert,hcle3s real and 
is in the directtioil of decrea,sing ltl '  C'l',,'dg with incress- 
ing d. A chart such as that disc11sse:l in the pret:ecling 
paragraphs is present,ed in Figure 15 11~1rhere the shad- 
ed bands indicate the actual performance :tttsined 
with practical projectiles having arnlor-picrcing cores 
of tungste:~ csrbide. I t  IT-ill be notetl th:~t the ~veight 
and diameter refers to this corc only. \rithout regard 
to any jacket or crlp material. 

r l  very carefully controlled series of laboratory ex- 
p c r i ~ i i e n t s ~ ~ ~  with nonshattering shot :~t nornlal inci- 
dence is represented by equation (15). The units are 
the ssme as those in Figure 15. 

For the caliber (0.244 irl.) slid the armor used, this 
represents somet;hing very close to the ultimate in 
projectilc pcrformance ancl t11el.efol.e represeilts a 
boundary beyond which 11-e do not expect to go with 
c:)nvent,ion:~l projectiles. The boundaries for other 
obliqliitics have not 3s get been so clesrly defined. I t  
may appear that some limit encrgic; obt:tincd froni 
Figure 15 are less t11:ln thosc given by the above rela- 
tion. This discrepsnc,y inay be related to ~ T Y O  circum- 
st8~nr:es, (1) thc s~nall scale effect \\-l~ich f:l,vors the 
larger projectiles and (2) the fact that the data plot- 
ted in Figure 1.5 refer to the corc on1)- n~heress the 
carrier in iilaiiy cases contributc.3 Lo tlle penctration 
by giving the core a boost horn bellind I\-lle:i it strikes 
the plate. 

It has 1:)ccn lo~lrld tliat most ohsen-ntio11.i oil armor 
pel-fni.ation in \\-hich tthe projectiles me but, little de- 
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W = height of core, puds 
d  = d imter  of care, imks 
V,- perfomtion l i m i t  uel- 

e  - thickness of pl&, inches 
i ' ! ' f  8 r 1 ' v ' 8 ' r  ' 1 . f  ' ' 8  

9 8 7 6 5 U 3 2 I 
e = PLATE TH ItE4SS 

The c h a r t  shows t h e  way i n  w h i c h  l i m i t  v e l o c i t y  f o r  comp le te  p e r f o r a t i o n  i s  r e l a t e d  t o  t h i c k n e s s  o f  homogeneous armor 
(BHN 220-330) p e r f o r a t e d  by capped and uncapped t u n g s t e n  c a r b i d e  c o r e d  p r o j e c t i l e s  s t r i k i n g  a t  normal  ' i n c i dence  and at 
30° t o  t h e  no rma l .  The d a t a  r e p r e s e n t  p r o j e c t i l e s  h a v i n g  c o r e s  r a n g i n g  f r o m  0.65 t o  1.52 i nches  i n  d i a m e t e r .  l h d i c a t e d  

on t h e  nonogram s c a l e s  a r e  p r o j e c t i l e s  w i t h  c o r e s  s t a n d a r d i z e d  f o r  f i e l d  use. 

Because of  i n n e r e n t  s c a t t e r  o f  f i r i n g  p a r a ,  r e s u l t s  a r e  p r e s e n t e d  as bands. F o r  each  o b l i q u i t y ,  t h e  band was drawn t o  
i n c l u d e  90% o f  t h e  p o i n t s .  Capped and uncapped p r o j e c t i l e s  a t  0' s c a t t e r  r andomly  t h r o u g h  t he -band ;  a t  30° t h e r e  i s  an 
e v i d e n t  s e p a r a t i o n  as i n d i c a t e d .  Tungs ten  c a r b i d e  c o r e s  u s u a l l y  b r e a k  up on impact .  I f  t h e r e  i s c o m p l e t e  d i s i n t e g r a t i o n  
o f  t h e  co re ,  p e r f o r a t i o n  o f  t h e  i n d i c a t e d  t h i c k n e s s  may n o t  be  a t t a i n e d .  

EXAMPLE l\ EXAMPLE B 
Given an uncapped merican fim ~3 P\ I "1 I i imi lar ly ,  forthe same pro jec t i le  i ~ e e  I 

the band. It is reasonable t o  assume I referred t o  is  li kely to besafe agalnstl 
that plate thicknesses greater than 

i' 7bwnM93 J-J strik ingve loc i t les  less than 27'70ft/seci 
4.inches rill be safe against th is  and vulnerable t o  velocities greater 
projectile, while thicknesses less thno 3200 ftlsec. 
than 5 inches will be vulnerable. &Ye' 5 E 

project i le str iking a t  30°witha vel- 
ocity of 3200 ftlsec, two values of 
plate thickness, about 5 inches and 

inchcs, are read by follewing the 
l ine t o  each of t h e  two borders of 

SOURCE: Based an e x p e r i m e n t s  by A r e r i c a n ,  B r i t i s h  and Canadian m i , l i t a r y  e s t a b i  ishmsnts .  

FIGITRE 15. Perforation of homogeneous armor by- tungsten carlnidc cored pro.iect,ilcs. (From OSll'CD Report No. 6053, 
Weapon data:,firc, im,puct, explosion, Uivisio112, NDRC.) 

?r Example A)f ired at a plgte about 5 in. 
thick. twvalu.,of thc d1ikingve.h- 
C i t y  a re  read by following the l i ne  t o  
each of the two borders of the band, 
namely 3200 a i d  27Xl ftlsec. The pletc; 
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tirety the statement still i~pplies to the armor-pierc- 
ing core. If concession must bc l n d e  tto deformability 
the Ltmount of deformable matel-id should be held to 
a minimum. There may be exceptions to these state- 
ments undcr special circumstances, such as impact on 
thin armor a t  high obliquity. 

2. T t  i s  adoal~tageous to co,ncelzt~a,tr the energy i'n a 
packet qf   mall dimensions. 1t is eafiier to punch a 
snlall hole through a given plate than i t  is to punch a 
large one. However, a needle is not practicable be- 
cause of the difficulty in satisfying c~ndit~ion ( 3 . ) .  It is 
desirable, therefore, to make the armor piercing proiec- 
tile of material baving the 11ighcst possible density 
:ind the highest possible strength. The best material 
so far developed fur the purpose is tungsten carbide. 
To sure, this material usually suffers some frac- 
tmcs, l ~ u t  if properly designed, its penetration prop- 
erties and destruct,ive poll-er on emerging from the 
plat,e are sucli as to make i t  a for~lzidable weapon. 

3. If two identical projectiles me fired with d?flerent 
errergies the faster one will  piwce lh,e thicker armor at 
xe7.o ru;n,qe and i t s  aduantaye ouer t/,,c other will i~zcrease 
with, range. The indications sre that if two similar 
projectiles of different caliber. arc fired with the same 

energy, thc smaller will picrce more armor. and its ad- 
vantage will (percentagewise) increase with range. 
This important conclusion must be suitably qualified. 
Thc energies must be below the shatter point for the 
projectile but abovc the velocity of sound. The sweep- 
ing generalization that one sometimes hears, "very 
high velocities are unptofitahle because tlic rate of loss 
in velocity is so high," is falsc from this point of view. 

4. Muzzle velocities above the critical shatter velocity 
wi l l  improve the wrn,or pierciwj capabilities beyond the 
range where tibe velocity drop.s belotu the shattcr point. Tt, 
has been amply demonstratccl that a projectile will 
shatter under certain conditions if the striking ve- 
locity is above a critical valuc and fiil to  pierce the 
plate, whereas a t  a lower velocity perforation will he 
achieved. 

All of t,hese conclusions point to the fact that for a 
conventional gun as it is used a t  present the armor- 
piercing perfornlance can be improved by adopting a 
tl~ngst~en carl-lide subcaliber projectile with a currier 
of mininlurn weight. A successful design of such a 
projectile nlourlted in a sabot is described in Chapter 
29 and a design of one mounted in a projectile for a. 
tapered bore gun is described in Chapt,er 30. 
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A(  tcmpt the enti, and never stand t,o douht, 
Sothing's so h a ~ d  but search will find it out 

-Robert Ijleri-icb 
"Seek and Find" 





Chapter 10 

DESCRIPTION OF ERODED GUN BORES 
By Lloyd E. .Line, JI*: 

10.1 DEFINITION OF TERMS 

E NLARGEMENT of the bore of a gun by erosion rad- 
ically affects the flight of the projectile. In gen- 

eral, erosion a t  the breech end decreases the range of 
the gun and erosion at  both ends decreases its accu- 
racy. For these reasons it is important to seek n1ean.s 
of mitigating or controlling bore enlargement. 

This chapter contains :L descript,ion of eroded guns 
with, respect t,o the superficial effects of the eroding 
procctss that are deduced from physical measure- 
ments of hore dimensions asd  from visual examina- 
tion of the surface. More f~ndament~al  effects of gun 
erosion will be described iri Chapter 12. 

For t,he purposes of this Sumnlary Technical Rc- 
port,, the tern1 "gun erosion" is defined aa the gradual 
changes in bore dimensions as a result of normal fir- 
ingh and the changes in character of the bore surface 
and v-alls that lead to theso changes in dimensions. 
such a definition would satisfy t,hc metallographer 
~vho might detect a slight flow of gun metal or the 
presence of a theimally altered layer after the firing 
of only one round. I t  would a.Iso satfisfy a star g:$uger 
n-ho mcasures changes in bore dianlet,er or a ballisti- 
cjan \\-ho notes the effect of such changes on gun per- 
formance. 

In any case, by ('glin erosion" I\-(: mean a ,-e.sll.lt and 
not the process that produces the result.. In Sections 
10.3 and 10.4, entitled "Origin firosion" and "3Iuxzlr: 
Erosion," respectit-cly7 the teriri "e~*osion" is used in 
a m:lcroscopic sense; that is, it is synorlolnous with 
tho enlargemcnt observal.,le with t,hc eye or with star 
and plug gauges. In Section 10.5, entitled "Nature 
of thc Eroded Surlace," many of the microscopic 
changes in t,he bore surfac,e, such as liquefaction of 
surlace mttterial and pebbling, nil1 also bc included 
in tlhe tcrrii "erosion" because these changes definitely 
lead to  the lnacroscopic changes in dimensions that 
ultir~mt~ely aflecl; gun performance. 
-, 

"Technicul Aidc, 13ivjaic)n 1, NDRC. (Present sdclreus: 
Cheniistry Depnrt,nlent, Universit,y of Tennessee, Knoxville, 
Tcnn.) 

I' This definition is not intended to include t11c increase in 
bore diameter t h a t  rcsults fro111 esccss powder pressure, cit,her 
during proof firing or later. 

If we meitsure the bore diameter near the origin of 
rifling across several of the lands of a gun that has 
been fired an appreciable number of rounds, we fincl 
that this diameter is greater than that of a new gun ; 
n simila,r result will be not,ecl for the grooves. We ex- 
press this Inad crosiwa anti groooe erosion as the cliam- 
ctral enlsrge~nent across the lands and grvoves, 
respectively . 

The erosion of B gun is not unifornl along its Icngth 
but is localized in the region of the origin of rifling: in 
all gnns, and it is localized also in t,he region of the 
muzzle in many guns (particul:j.rly those of relatively 
high velocity). The former typc of erosion we call 
oi.iyi?z erosiovz, the latter Ire call n?,zd?zle erosion. As is 
cicscribccl in detail In Sections 1.0.3.2 and 1.0.4.3, thc 
origin erosion decreases to\\yard t,he'lnuxele and the 
muzzle el.osion in rilost cases increases toward the 
muzzle, so that in practically all cases origin ero8io.n 
and m.rrxxle erosion occur in tn-o distinct regions. Be- 
tween them there frequently occurs :l region severa,l 
c:~libers long where the bore is constricterl, wvhich is 
usually attributed to copprri.ng, that is, the deposi- 
tion of' material from the rotating band of the pro- 
jectile. This phcnon~enon is described briefly in See- 
t,ion 10.5.4. 

In origi.r~ erosion we find both land erosiou and 
g~oo7)e erosion,, the former being some two or three 
times as great as the latter; in ~nuzzla erosion we fincl, 
for all pra~t~ical purposes, only land erosion. Figure 1 
shows ho\\* the 1:ind and groove erosion vary along t,he 
bore lor the 4.7-in. gun, T2, No. 2. Tho origin erosion 
here is typicd of gnns in genernl. Not only clo we 
speak of emion as general enlargenzent of a region of 
the bore, but we often wish to speak of erosion at  a 
particular position along tthe borc. Thus we speitl\: of 
crosion, at llie origin of ~,(fli?~,g, erosion at th,c ?nuzzle, ant1 
so forth. 

As \\,ill be seen later (Sectlions 10.3.6 and lO.i.S), 
erosion a t  u particular position is not ahvays circu- 
larly symmetrical. In referring to this fact we empluy 
the term usymrrwtric e~osion. Muzzle crosion is usu- 
ally asymmetric. (In tlhe lit~rat~ure, the terms oval, 
el,liptic, arid cccenB.ic are often used to indi~a~te nsy111- 
metry. Star gaugers a.t ,41.rny establishments 1ise the 
t,erm oz~t-of-ro,~&nd.) 
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DISTANCE FROM ORIGIN OF RIFLING IN INCHES 

FTGURE 1. Stsr-gauge curves for 4.7-in. gun. 
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Asymmet~ic erosion gives configurations, such as 
an oval, a circle with a l,ocslized region of erosion 
(pocket), or perhaps a circle eccentric with the orig- 
inal bore. In any case the configuration has some 
orientation (such as 7 o'clock, breech time) with re- 
spect to t,Be mounting of t,he barrel. If, along thc bore, 
the orientatiorl of the configuration twists more or less 
with the rifling, as seenls to be the case for muzzle 
erosion, we say the erosion "follows the rifling" or is 
of the spiral type. In some large guns spiral erosion is 
iminediately evident to the observer. 

The high cost of guns and of ammunition has pre- 
clurlcd the firing of any large number of medium or 
large-caliber guns just for thc sake of obtaining ero- 
sion data.. Evcn in the case of small arms extensive 
testing under a la& varicty of conditions was not 
carried out until World War 11. Then the diversion of 
an in~ignificant~ly small proportion of the millions of 
caliber .50 machine gun barrels being produced pro- 
vided ample quantities for testing purposes. Such tests 
mere p e ~ f o ~ m e d  a t  Purdue University for the Army 
Ordnance Depa r t~nen t '~  as\\-ell as a t  Aberdeen Prov- 
ing Ground. In Great Britain :I long series of firings 
undcr a great marly different corditions was msde 
under the auspices of the Barrel Life Pane1."5,406 

10.' MEASUREMENT OF GUN EROSION 

10.2.1 Star Gauges 

The ways in which :t change in bore diameter may 
he hrought about are (a) remov:~l or displacement of 
bore surface material, (b) distortion of rifling, (c) Lar- 
re1 expansior~ or contraction, and (d) copperhing. A 
star gaugc: gives no in&cat.ion of the predominant 
change; i t  merely registers a change in diamet,er due 
to one or more of the above causes. It is therefore .vt,ell 
to  bear in mind these considerations in studying star 
gauge data. As will be seen later, measurement of the 
bore diameter with plug gauges also has certain limi- 
t'ations. 

,4t Army and Navy establishments gun erosion and 
bore enlargement in general (for cannon) are measured 
by a star gauge. This instrument measures the bore di- 
ameter of a gun across lailds t~nd  across grooves. The 
points of the gauge are cxtended r:idially in a plane 
by the movement of a handle at  thc opposite end of 
a long staff until they contact the surfaces of the 
l a ~ ~ d s  (or the grooves, as t,he case may be). The di- 
ameter is read from a vernier scale on the handle. 

There are several kinds of star gauges, the details 

of tvhicll lnuy be found elsewhere. *" Esselltially they 
may be classified according to whether they havc ti\-o 
measuring points 180 degrees apart or thrce measur- 
ing points 120 degrees apart. At Allmy esti~blishments 
these arc called two-poi~nt and tkr~e-point gauges, re- 
spectively. 

I t  is the practice at  Army estahlishrnents to make 
two measurements of diameter with a star gauge in 
order to take asymmetric erosion into account. In the 
case of a two-point star-gauge, the dialnetcr is mea- 
sured in t~vo  p1an.e~ perpendicular to each other, and 
the two measurelnents are averaged. This average 
represents contact by the points with the lends (or 
grooves, as the casc may be) at  four places, 90 degrees 
apart. Sir~ljlarly, IT-ith the three-point star gauge, the 
diameter is measured, first with the "Y" in one posi- 
tion, and then with the "Y" rotmated 180 degrees, and 
the twi, me~lsuren~ents are averaged. This average 
represents contact by the points of this gauge with 
the lands (or grooves) a t  six places, CiO degrees apart. 
Thus the measurement of erosion by a star gaugc 
yields a lairly average diametral change L L ~  u p:%rtic~.~- 
lar posit,ion along the bore. 

At Army establishment's, bore diameters :Ire usu- 
ally measured a t  a number of positlions with intervals 
no gr.eater than 5 in. I t  is the practice to st:tr gauge 
the gun from muzzle to the breech with the measur- 
ing points of the star gituge rest,ing on the same lands 
or grooves, as the gauge moves down the bore. A plot 
of the diameter or increase of diametcr of a gun as a 
function of dist,ance from some fixed point, such as 
the origin of rifling, is callcd a star. gauge czir-uc. At the 
Naval Proving Ground such a curve for the lands is 
called a bore pro$le. Usually a star gauge curve repre- 
sents the average diametral increase given by the 
gauge in two positions, as previously described. 
Sometimes, hen-ever., the 'O~orizontal" and "~rerticzl" 
or the "Y-up" and "Y-do\;nJ' readings are plotted 
separately to show  asymmetric erosion. Thesc posi- 
tions, a t  Army establishments, have reference to the 
position of the gauge \\.hen a reading is talcen a t  the 
origin of rifling. 

Most star gauges can be read accurately to 0,001. 
in., and an experienced operator can duplicate his 
n~easurements ~vitd~ an error no greater tthan 0.001 in. 
Rut; among different operators, including experienced 
and inexperienced ones, there might be variations of 
0.005 in. or more in the measurement of the same 
diameter. . ,  

A limitation of the ordinary star gauges, especially 
with regard to muzzle erosion, sh.ould now be pointed 
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out. As previously mentioned, erosion is often asym- 
metrical. Since a star gauge measurcs a diameter in- 
stead of :i radius, i t  gives no informut,ion concerning 
erosion a t  rlifferenl; positions around the periphery. 
Furthermo~e, the average of the diameters indicated 
by the two positions of the star gauge may be some- 
what different from the true average diameter that 
would be given by an average of the readings with the 
gauge in a large nunzber of positions around the bore. 
1i;specially may this be true in cases where the asym- 
metry is characterized by erosion in a rather narrow 
region of Lhc periphery. 

with respect t,o muszle velocity. (See Section 10.3.7 
and 23.1.4.) 

As the measurement of the forcing cone advance is 
much simpler than a star-gauge measurement, i t  is 
more readily performed in the field. Although the re- 
lation between muzzle velocity loss and forcing cone 
advance is nonlinear for most guns, it ne~ert~heless 
can be used as a criterion of the end of life. This was 
done in World War T by the Frcnch and sl~l)scquently 
by the AEF when using French guns.16 During World 
War I1 studies \viere carried out by the Army and 
Navy on cannon ~j-it~h gauges having different types 
of heads." 

10.2.2 Plug Gauges 
@ 

Anot,h.er lvsy in which erosion is measured is by 10.3 ORIGIN EROSION 

means of the advance of a plug gauge having a cylin- 
drical, conical, or other type of head. Such a gauge 
has been used both to obtain the bore profile of a gun 
and to indicate the end of life. 

In studies wi.tli the Franklin Institute caliber .50 
erosion-testing gun (Section 11.2.1) plug gauges hav- 
ing cylindrical heatls ranging from 0.490 in. to 0.516 
in. in diameter (in steps of 0.002 in.) wcre used to 
measure diameters across lands. Also rifled plug 
gauges ranging from 0.51 1. in. to 0.529 in. in diameter 
(in steps of 0.002 in.) were used to measure dia~net~ers 
across grooves. Thus gauge diameters plott,ed against 
distance of the head from the breech gave the profile 
of the bore. 

Such gauges were found to have the advantages of 
simplicity and speed, but they could be used only in 
measuring the erosion ol materials, such as gun steel, 
the erosion of which produced a horc that tapercd in 
only one direction. They were not reliable in measur- 
ing the erosion of bore surfaces which had been plated 
with a resistant coating, such as molybdenum or 
chromium (Section 16.4). A snlall block of resistant 
material adhering to the surface (beyond which meas- 
i~ra-tlnle erosion has occurred) easily stops the advance 
of a plug gauge.lZ2 

Becausc of erosion in the neighborhood of the ori- 
gin of rifling, the forcing cone does not retain its orig- 
inal position; it gradually moves forlvard. The ad- 
vance of the forcing cone is measured \\rith a special 
tapered plug gauge that is insel~ted through the 
breech until i t  is stopped by contact ~vith the "new" 
forcing cone.m8 Accompanying the advance in forcing 
cone is a loss of   nuzzle velocity, so that such an ad- 
vance gives some indication of t,he gun perlormance 

10-s.l Relative Erosion ol Lands an.d Grooves 

In general, land erosion is greater than groove ero- 
sion at  any stage in gun life or a t  any position along 
the bore. Usually i t  is two or three times as great in 
medium and large caliber guns. The relative rates of 
erosion, however, seem to depend on land height and 
on degree of land erosion. At the origin of rifling the 
lands a t  first erode much faster than the grooves, but 
thc rates tend to equalize and become nearly unilorm 
as the land and groove diameters approach equality. 

In scven barrels of five different calibers, 37-mrn to 
%in., selec,ted because of best uniformity of firing, the 
lands, which varied in height rad.ially from 0.02 to 
0.14 in., eroded down to their original bases while the 
grooves deepened almost a fixed am0un.t (0.020 4 
0.005 in., radially). The subsequent rates of erosion 
of the lands of each gun were scarcely greater than of 
the grooves and both were nearly uniforrn. Possibly 
in 37-mm guns and in ones ol slnaller caliber, under 
"mild." conditions of firing, the lands and grooves 
would erode almost equally from near the start. In 
guns of larger caliber the three-sided exposure of the 
high-standing lands above relatively narrow grooves 
would be expected to favor rapid erosion.'" 

The prime importance of the protrusion of the 
lands into the gas stream on heat transfer, as related 
to flame temperature and thermally allcred layers, 
which -\\)as shown in studieslZ4 with the calibcr .50 
erosion-testing gun (Section 11.2. I) ,  is djscussed in 
Section 15.3.3. 

0 Information received by the author on visits to  Aberclecn 
Proving Ground and the Naval Proving Grourrd. 
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10.3.2 Variation Along the Bore 

In c,annor1, the crosion of both lands and grooves is 
highest a t  the origin of rifling. Toward the muzzle i t  
drops off rapidly at first, %with the rate of change be- 
coniirlg progressively less, so that a t  several calibers 
from the origin of rifling thcre is no measurable en- 
largement, but cracking is extensive. In most cases 
this variation along the bore is regular; that is, a 
smooth curve can be drawn through the points repre- 
senting increases in diameter, and the curves of all 
guns are quite sinlilar in form. Typical star-gauge 
curves for origin erosion are given in Fig~ire 1.. In 
chrwnium-plated g~ms  the extension of the origin ero- 
sion to\\*ard the muzzle is less than in nonplated ones, 
other things being cyual. Ordinarily, groove erosion 
does not extend as far as land erosion. 

For equivalent rounds fired in the caliber .50 
erosion-testting gun (Section 11.2.1), the extension of 
land erosion v-ith hot (double-base) po\vdcrs was 
great,er than with cooler (single-base) pomders.12TThe 
extension of land erosion forward from the origin of 
rifling in chron~ium-platcd guns is less than i t  is for a 
nonplated gun after the samc number of rounds, as 
evidenced by t,he fact that aft,er 83 rounds with 
double-base powcler, the extension in 90-mm guns for 
chromium-plated bores \17as about 10 in. from the ori- 
gin of rifling whereas i t  \\-as about 50 in. for the non- 
plated ones. There was little diffcrencc in the magni- 
tude of erosion at  the origin of rifling between the 
plated and nonplated guns." 

There is often conspicuous erosion in guns behind 
the origin ol' rifling. This has received but little atten- 
tion. Because the thermal factors in the c:Luse of ero- 
sion are more important here than the mechanical, 
as is brought out in Section 13.2.5, chromium plitte 
offers considerable protection. 

In a case gun, erosion bet\\-cen the position of the 
mouth of the case and the origin of rifling is often 
&bout 11s much as in the adjacent grooves. In a badly 
worn bag gun, there is a gradual decrease of erosion 
rearward one to t,hree calibersfronl the origin of rifling. 
An eroded, pebbled surface gives place to a cracked 
surface.16 

For srnall arms fired in bursts, origin erosion ex- 
tends over a much greater proportion of the barrel 
t,han in cannon, particularly if the bursts are long. 
For extlnlple mosion extended to the muzzle in a cal- 

' "Author's ohserv:ttion from data supplied by Aberdeen 
Proving Glaunil. 

iber .50 machine gun after it had been fired one con- 
tinuous burst of 250 ro~nds.~~"erious effects result- 
ing from the weakening, and expiinsion and contrac- 
tion, of the whole barrel wall as a result of continued 
fire are the subject of Sections 5.6.4 and 10.5.3. 

10.3.3 Development of  Origj~i Erosioa 
with Firing 

The extent of origin erosion in a gun is ordinarily 
indicated numerically by the increase in diameter of 
the lands Ad, a t  the origin of rifling or inlmcdiately 
in front of it. In standard nonplated guns of medium 
or large caliber firing h:mded projectiles thc land 
erosion a t  the origin of rifling and positions forward 
of i t  begins perhaps with the first round, its rate being 
higher initially than during later rounds. For 14-in./ 
50-cal. guns this variation of erosion Ado with the 
number of rounds -97 has been expressed by the Bureau 
of Ordnance, Navy Depilrtnlent, :LS an exponential 
function16 according to equation (I).  

Studies of such curves have shown that in sollie 
guns the erosion rnte eventually becomes nearly con- 

NUMBER OF ROUNDS 

FIGURF: 2. Erosion at  origin of rifling versus number of 
rounds foy4.7-in. gun. 

~ t a n t , ? ~  as exemplified by Figure 2, for 4.7-in. gun, 
T2, No. 2. 
R cursory examination by the author of curves of 

nlany Xaval guns in TT-hich origin crosion ~vas  plotted 
against E.S.R. (cqnivalcnt service r.ounds)e showed a 

c In the LJ. S. Navy ior the purpose of tabulation, narrnir~g 
rounds or ally other rounds fired at  other than the standard 
charge are converted into equivalent service rollnds by rxleitnu 
01 the forrnul:~ E.S.R. = (lV/TB,)" where W is the n-eight of 
the charge actually used and TB, is the weight of the service 
charge. 
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falling off of the erosion rate with E.S.R. and straight 10.3.4 Dependence on Ca'Liher 
portions of curves beginning a t  n value of land ero- 
sion roughly twice the land height. The attainment The erosion per round and also the maximum of 
of a constant ratc js considered in Section 10.3 1. erosion a t  the end of life incrcasc vcry grcatly with 

That the crosion rate eventually becomes constant increase of caliber. Representative values of the for- 
mas shown also b~ studies of erosion with the caliber mer quantity for several guns of about the same mux- 
.50 erosion-testing gun.122 The progress of erosionob- zlc vclocity but different calibers are given in Table 
scrved in some of these tests is given in Section 1.5.3.1. 1. It should be remembered that the variation in the - 

A study of erosion rates using pre-engraved projec- 
tiles (chapter 31) showed that once erosion started, TABLE 1. C o ~ n ~ a r i ~ o n  of average erosion per round for 

guns of diffcrcnt caliber: velocity, 2,500 to 2,750 fps.lc 
the rate was about the same as that shown by the 
straight portion of the erosion curve for banded bul- Erosion Rate* 

lets of the artillery type. This result led to n. rough Gun Rounds Lands Grooves 

distinction between gas erosion and erosion caused by 
the forces of engraving, e.g. friction and swaging (see 
Section 13.4.2). Thus the feature of the gmdunl di- 
minishing of the erosion rate of the lands to a con- 

s NUMBER OF ROUNDS 

FJGURE 3. Extension of origin erosion for 4.7-in. gun. 

stant value during the life of a gun may be related to 
a diminishing of the mechanical forces in engraving, 
as the amount of the engraving lessens in the worn 
gun. 

Not only does the origin erosion rate decrease with 
the number of rounds, but also the same holds true 
roughly for the rate of forward extension of the ero- 
sion. A typical example of this variation is given in 
Figure 3 for 4.7-in. gun tube, T2, No. 2. 

Thus we see that in origin erosion a sort of "cone" 
of wear develops, extending toward the rnuazle from 
the origin of rifling. Roth the "base" and thc "height" 

37-inm M3 Tube No. 22708 902 to 1472 0.000047 0.000026 
3-in. AA Gun M3 No. 640 326 to 528 0.00017 0.00012 
8-in. MI888 MI1 No. 56 62 to 1.27 0.00035 0.00027 
14-in. M1920 MI1 No. 11 123 to 154 0.0011 0.00096 
IF-in. MI919 MI1 No. 2 123 to 152 0.0028 0.0014 - 

*Average erosion rate at origir~ oI rifling in i ~ ~ a h e s  per round. 

rate of crosion of guns of the same caliber and muszle 
velocity js quite largc, and that thercfore the values 
given in Table 1 should not be considered as estab- 
lishing functional relation between erosion and caliber. 
Thcy arc mcrcly illustrative of possible values. 

A functional relationship between erosion or erosion 
rate and caliber might possibly be established if data 
on guns (fired in a uniform manner) that are more or 
less scale modelfi oI each other could be assembled. 

P740 , , , , , , , , , , , , , , , , , , , 

3 2600 - ' 2500 - 

2660-  . 
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o ' eoo ' 400 ' soo ' aoo ' 10'00' ~ i o o '  1400'  ~ b o '  ~ i o o ' e o o o  
100 300 500 700 900 1100 IMO IWO 1700 IS00 

ROUNDS 

FIGURE 4. Muzzle velocity versus number of rounds 
for 90-mm guns. (Average of several guns.) 

enlarge with firing, a t  first rapidly and later more ,,.,,, 
slowly. In many guns, while origin erosion is develop- Dependence on Muzzle Velocity 

ing, muzzle erosion is developing in thc forward por- It has long bcen known that the ratc of origin 
tion of the barrel. (This will be described in Section crosion increases very rapidly with an increase in 
10.4.) In connection with the falling off of the rate of muzde velocity. This fact has prohibited the ernploy- 
gcncral erosion there is a similar occurrence with re- ment of muzzle velocities for standard guns much be- 
spect to velocity loss. Thus, Figure 4, which is typical yond about 3,000 fps. Sornc idea of the relation of 
of guns in general, shows that, the velocity drops at  muzzle velocity to origin erosion may be obtdned 
first rapidly and later more slowly. from Table 2. 
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TABLE 2. Relation of muzzlc vclocity to origin erosion.* 

Proj. Scrvice Average origin erosion? 
wt. Charge velocity Noilplated guns Chronlium plated guns 

Glm (lb) (lb) ( f ~ s )  400E.S.lZ. 800E.S.R. 400E.S.H. 800E.S.R. 

*These data were furrlished by thc Nax-n1 Proxin~ Crorlnd. 
t A nulnher ill ~,nrenthcsis indicntcs thc number of guns for which the value wits averneed 

The erosion rate, of course, is not funclumcntally A m y  155-mm guns, MI,  the vertical erosion is 
related to nluzzle T-elocit,~. Most likcly, i t  is related to greater than the horizontal erosion. 
the powder charge, which ordinarily is increased to 
increase the velocity. This may be seen from the fact 
that there \\-as litt,le difference in the erosion of a 10.3., Effect of Origin Erosion on 
45-in. barrel (muzzle velocity 3,458 fps) and of an 85- Gun Perforriance 
in. barrel (muzzle velocity 4,200 Ips) when fired with 
about the snmc charge (400-405 grains) of double- 
bast (FNH-M2) powder and pre-engraved projec- 
tiles in the caliber .50 erosion-testing gun. The rate 
of land en~sion a t  0.5 in. from the origin of rifling was 
of the order of 20 X 10-"in. per round.12? 

Aside from tlie size of the pox-dcr charge, erosion 
rate depends also on the typc of po\\.der used, as evi- 
denced by the fact that different propellants fired in 
the vuliber .50 erosion-testing gun a t  the same muzzle 
vc1or:ity (3,300 -t- 50 fps) gave different erosion 
rates.lLj This subject is dealt with in Chapter 15. 

10.3.6 Asymmetry of Erosion 

Origin erosion is usually not circularly symmetri- 
cal, although :isymmeLry of origin erosion is ordinar- 
ily less thhn that of muzzle erosion. Tt is usually de- 
t e c t ~ d  in the course of star gauging by the differcnce 
between "horizontal" and livertical" or i l Y - ~ ~ p ' l  and 
"Ydomn" readings. Table 3 is illu~t~rative of asym- 
metry encountered in Service guns. The writer has 
observed that in the majority of cases, especially in 

As has been mentioned, origin erosion decreases 
the range and accuracy of a gun. To some extent 
these effects are interrelated, but they will be separ- 
ated for purposes of discussion. 

The decrease in range is due in a large measure to 
the loss in nlmzzle velocity that accompanies origin 
erosion. Such a loss is progressive, its rate being 
greater in the early stages of firing than in the later 
st,ages. A typical curve sho~ving the varintion of the 
nluzzle velocity with tlie nurnber of rounds for several 
90-mn~ guns is given in Figure 4. 

Perhaps the most important effect of origin erosion 
on niuzzle velocity is that the projectilc is more eas- 
ily nzoved fern-ard during the early stages of burning; 
that is, the starting pressure [Po in equations (3a) 
and (3b) of Chapter 31 is less than for a new bore. As 
n result, the rate of burning of the powder is changed 
in such a nay  that thc average pressure developed 
over the length of the bore is less, wvith a conseqllent 
loss in muzzle velocity. Moreover, in a bag gun the 
projectilc is rarnn~cd farther forward than normally, 
thus reducing the mauinlun-r pressure. 

T-~BLE 3. Asymletry of oripi11 erosiori i n  several Service guns. 
A,-- .- -- -------" 

Erosion (in.) 
lZounds Lands Gvoves 

Gun Desig~lation firer1 "Horiaont,al" "Vertical" "T-Torixontall' "Vertical" 

4.7-in. T2, Xo. 3 03 0.061 0.057 0.019 0.027 
155-nlm h41A1, 1-0. 18 1148 0.057 0.086 0.016 0.032 

6-i n. B.L. Mk XXIII* . . . .  0.100 0.075 . . . . . . . .  
8-in. 311, No.20 672 0.230 0.263 . . . .  . . . . 

12-i11./45-cal. I l k  V 183 0.350 0.386 . . . .  . . . .  
- - 

*British gun. 
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It has been suggestedm0 ththa,t leakage of gas past 
the pr~ject~ile accounts in some measure lor pressure 
and velocit,y loss, but t,his has bcen questioned.515 
However, tests in the caliber, .50 erosion-testing gun 
with obtur~hted and unobturated pre-engraved pro- 
jectiles and projectiles of the base-cup type, which 
are described in Section 31.4.2, seem to indicate tthat 
gas lcakage is important in this respect.122 

Loss in range is also due to interior ballistic condi- 
tions caused by origin erosion. For example, the or- 
igin erosion may reach a stiige wherein the lands are 
removed over a considerable length of the barrel. As 
a result the rifling may.fail t c  impart sufficient rota- 
tional spin to thc projectile causing i t  to wobble in 
its flight mith consequent loss in range. Also, the ro- 
tating band m:ty be sheared instead of engrrtved, so 
that pra~t~ically no spin is imparted to .the projectile. 

As a gun is fired, its muzzle velocity dirninishes, so 
that its accuracy diminishes progressively in the 
sense that it cannot hit the target a t  a given distance. 
Ihvever,  in addition, the erosion apparently givesrise 
also to ft clispersion of the shots. Usur~lly the disper- 
sion is greater in range than in azirnuth. 

Part of the dispersion in range is related to the dis- 
persion in the muzzle velocitty clue to erratic burning 
of t,he powder and other interior ballistic effects. In 
a,ddition, the geornctry of the worn gun has an effect. 
As previously mentioned, the rifling may be so worn 
that insufficient spin or no spin at  all (due tfo strip- 
ping of the rotating band) may result for a large num- 
ber of shots. Also, a worn bore may allow gas to leak 
by the projectile in m, indeterminate fash.ion from 
round to round causing the bullet to tip in the bore 
with conserpent di~persion.~ In the caliber .50 erosion- 
test,ing gun (Sectio11 11.2.1) the base-cup type of bul- 
let (designed for better obturation) gave a mean radi- 
us of dispersion at  45 i t  of 0.6 in. whereas the stan- 
dard ball bullet, M2 gave a dispersion of 2.2 in. under 
the same test ~ o n d i t i o n s . ~ ~ ~ u r t h e r m o r e ,  the worn 
condition of the bore, especially if it extends forward 
appreciably, may allow the pro.iectile to tip or ballot 
in the bore so that i t  emerges from the muzzle with 
i n  initial yaw. 

While velocity loss occurs progressively, excessive 
dispersion develops more or less abruptly. This is es- 
peeially true in the burst firing of caliber .50 machine 
guns in which keyholing occurs rather suddenly. Part 
of this, however, is at,tributable to the expa~zsion of 

f G:LS lcn,lrnge is also Irrelieved t o  be responsible for some cases 
of body engraving. (Ree Section 1.0.4.1.0.) 

the gun due to the heating caused by the burst firing. 
Because of this cxpansion, the effect of temperature 
on gun perforil~ance, discussed in Section 5.6.3, is 
similar to the cffect of erosion. The sequence of events 
as the machine gun barrel \+fall weakens during rapid 
fire is given in Section 5.6.4. 

At the Naval Proving Ground range dispersion of 
a pun is said to develop rather abruptly in the course 
of firing. Io2  

10.s.n Erosio~l Ahead of a Liner Joint 

The use of short breech, gun liners (discussed in 
Parts VI and VII) has added a new fer~ture to gun 
erosion. When a gun containing a steel liner a t  the 
breech is fired, the bore cliameter increases just ahead 
of the liner as well as st the origin of rifling. This 
phenomenon, which is attributecl to increased gas 
turbulence, was studied first with thc caliber .50 
erosion-testing gun (Section 11.2.1). 

Two liners mere inserted in tandem in the barrel so 
that two liner joints a t  different places in the bore 
~vould be exposed simultaneously to the powder gases 
from the same chargc. Thc ~rlain purpose was to de- 
termine the effectiveness of different methods of seal- 
ing the joint so t.hat the powder gases ~vould not pen- 
etrate behind the liner. A lapped joint was found to 
be preferable to one employing a gasket. In addition 
i t  was observed that erosion was much greater just 
beyond the liner joint than just behind it. 

The same effect was observed during the firing of 
the 90-mnl gun, T19, containing a replaccable steel 
liner (Section 26.3). As may be secn from Figure 8 of 
Chapter 26, erosion just beyond the joint was appre- 
ciable long before t,he origin erosion had extended as 
far forward as the liner joint. The rate of this erosion 
was a lincar function of the tottal number of rounds 
fired, independent of the condition of the origin of 
rifling. This result clearly de~nonstratecl th.at this 
type of erosion is almost entirely attributable to the 
powdcr gases. 

A machine gun barrel containing an erosion- 
resistant liner presents a different situation mith re- 
spect to erosion beyond the liner joint. In  this case 
the liner makcs it possible to fire the gun so much 
longer than is possible with s plain steel barrel that 
powder-gas erosion of the steel section beyond the 
liner presents a serious problem. The cnlargemcnt of 
the bore and obliteration of the rifling there contri- 
bute to the eventual failure of the barrel through 
both inaccurtzcy and loss of muzzle velocity. After the 
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e~llargen~ent becomes great enough for blow-by of the 
powder gases (Sect,ion 1.3.4.1), the incrcased 1iettt)ing 
of the bore surface further accelerates the erosion 
therc and also i~icreases the undesirable effects on 
hallistlcs from general heating of the b a l d  \vsll, 
discussed in Sectlion 5.6.4. 

10.4 MUZZLE EROSJON 

10.4.1 Introd rxction 

The importance of muzzle erosion has becoinc np- 
parent only in reccnt years. While origin erosiorl 
occurs in all guns, muzzle erosion occurs only ill sonle 
guns, part,icularly those of relatively high muzzle ve- 
1,ocity. This kind of erosion has not been studied as 
thoroughly as origin erosion. One reason for this is 
that in most instances it  is not nearly so conspicuous 
as is origin erosion ; hence its effects on the life of pres- 
ent Scrvice 11-eapons have been considered of seconcl- 
ary importance, if any. However, it secmed to Divi- 

Relative Erosion of Lands and Grooves 

The relative erosion of lands and grooves at the 
rnuzzle dift'ers greatly from that a t  the origin of ri- 
fling. At the muzzle, when t,hc increase in diameter 
across the lands is small, s:ty of the order of 10-"in., 
the corresponding increase in diameter across the 
grooves is of the same order of magnitude. But when 
the incrcase in diameter ucross t,he lands is relatively 
large, say of the order of loL' or. 1.0-I in., the corre- 
sponding increase across the groovcs is still no greater 
than 10-"in. I t  is so~netin~es negztive, on-lag pre- 
sumably to copper from the rot,:lting band. Thus, 
groove crosioil at the muzzle is practically negligible. 
Therefore rni~zzle erosion ordinarily refers to erosion 
of tl-lc lands. These tendencies are sho\\in by Tables 
4 ancl 5. 

v ,  I:\RJ,K 4. Land erosion at the nluzzle versus correspond- 
ing groove erosiort \\pllen land erosion is slighk, as itidi- 
cated by mcasureinents of average bore diameter with a 
star guuge.c7 Rleasurements talien at or. very near the 
muzzle face. 

sion 1, mhosc ultimate goit1 \\'as the achievement of -- mu,---~.," ..,.- - 
hypervelocit,y guns, that rriuzzle erosion might ~vell Wum- Erosion at the 

Gun her of muzille, change limit the life of a gun firing a t  a mazale velocity in Desig- Num- rounds in diurxleter (in.) 
excess of 4,000 fps even though the problem of origin CaliI~er nat,ion her fired Lands Grooves 
erosion were solved. 

In order to have a body of kno~vledge that n-ould 
clarify this situation and perhaps point t,o possible 
ways of eliminating rnuzzle erosion, a surveym (of 
existling inform~ltion was made. Folio\\-i~ig t)his geu- 
era1 survey, a collectionlO' of previouslv unpublished 
data a t  the Naval Proving Gronnd was madc. Then 
a careful study was made of the bore surface of the 
mrizzle scctions of some typically eroded guns: a 
57-mm llrnly gun, an 8-in. Army gun, and a 14-in.. 
Naval gun liner. The results130 supported the conclu- 
sion., tentatively stated in the earlier survey,"' thiit 
the inechanism of  nuzzle erosion is different from 
that of origin erosion in tthat, 11-hereas the primary 
mechanism of the 1:ttter involves the ponder gases, 
that of the former involvcs mechanical action of thc 
projectile (chiefly rubbing) on the inuzzle lands. 

The folloiving description of nluzzle erosion, ~vhich 
parallels that of origin crosion in Section :10.3, is 
based on the three r e p o r t ~ f l ~ l ~ " ~ "  jjust n~e~itioned. 
The very paucity of the previous information on this 
subject lnekcs it  desirable to prcsent the available 
data here in more detail than for origin erosion, for 
the benefit of those \\rho are likely to i.~ndertal;e stud- 
ies of lnuzzlc erosion in the future. 

TABLE 5. Jlarld erosion at the mnxxle versus correspoad- 
iug groove erosion when land erosion is large as indi- 
cated by measurements oC average bore diameter with a 
sttls gauge.G7 Mcusurements taken at 01. very mar the 
nluzzle face. 

Nurn- Erosion at 
- Gun -. t)cr ol muxzlc, change 

Desig- Num- rounds in diameter (in.) 
Cali bcr riatior) ber fired J>ands Grooves 

.57-mm h41 1,941 556 0.042 -0.001 
3-~KJ. M3 909 1260 0.017 0.001. 
(<-i 11. Dl$o\\-n 88 0.045 -0.012 
8-in. N1k VI, 1731~2 295 0.054 -0.002 

filocl 3A2 - .- ,,--.,-- 

10.4.3 Variation A1,ong "the :Bore 

nlluzzle erosion is usually found over a considerable 
length of the bore at the muzzle end of the gm1- 
some 15 01, 20 calibers in most cases. Unlike origin 
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erosion, its variation along the bore is not uniform 
among different guns. The shapes of the curves are 
varied. Some of the types that have been observed 
are shown in Figure 5. Curve D i1lustr:ktes the ex- 
treme case of measurttble erosion throughout the 
length of the bore. 

E F 

DISTANCE FROM ORIGIN OF RIFLING 

FIGURE 5. Types or bow profiles. (Schcmatic.) 

In  terms of diametral change, muzzlc erosion is al- 
most never as great as origin erosion. But in terms of 
total volume change, as judged from the areas under 
the star gauge curves, the erosion a t  the muzzle cnd 
is often greater than that a t  the breech cnd. In most 
worn guns, the muzzle erosion decreases less rapidly 
toward the breech than does origin erofiion toward the 
muzzle. 

Development of Muzzle Erosion 
with Firing 

For most guns, the maximum muzzle erosion is a t  
or very near the muzzle face. This quantity is gener- 
ally taken as a measure of the degrce of muzzle ero- 
sion. In this chapter it is denoted by AdwL where d is 
the bore diametcr and m refers to thc muzzle. 

Information reccived from Naval Ordnance per- 
sonnel basrd on erosion data accunlulated a t  the 
Navd Proving Ground indicates that Ad, is approx- 
imately a lincar. function of the number of actual 
rounds N, beginning with the first round, provided 
the charge tor cach round is the same. Thus about the 
same amount of muzzle erosion may be said to ac- 
company the firing of- each round, and me may as- 
cribc to the  muzzlc erosion oi a particular gun a char- 
acteristic ratc Ad,/N, whirh is morc or less indepen- 
dent of the stage of life of the gun. Some exceptions 
to  this generalization havc been found. 

The linear relationship is said to apply also to 
chromium plated guns, but in these guns thc muzzlc 
erosion is delayed by the presence of chromium so 
that the linear 1unt:tion does not begin with the first 

NONPLATED BUNS 
\SERVICE ROUNDS I 

PLATED GUNS 
SERVICE ROUNDS 

ROUNDS 
SERVICE 
ROUNDS 

MIXED 
ROUNDS 

ESR ESR 

FIGURE 6. Variation 01 erosion at thc muzzle ver.sus 
E.S.B. for Naval guns. 

round. It is said, howcver, that when the muzzle ero- 
sion bcgins, its rate is very nearly the same as that of 
the corrcsponding nonplated gun. (See Figure 6A.) 

Plots of muzzle erosionvsE.S.R., when the charges 
are not the same for each round, do not givc straight 
lines through the origin of: coordinates. Tha curves 
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are varied in forin. This may be due to coppering of 
the rnuzzle end whet1 low-charge rounds are fired. 

Thus, i t  has been observed at  the Naval Proving 
Ground that in g ~ m s  fired with mixed rounds, i.e., 
groups of service rounds alternated with groups of 
lo\\~-oh,zrge rounds, the muzzle erosion is slight. If 
after firing niixed rounds, service rounds only are 
fircd, the muzzle erosion beco~nes appreciable, its rate 
being the same as ~\-ould be the case if the gun ha,d 
fired onlv senice rounds. If the firing of mixed rounds 
is resumed, the  nuzzle enlargement actuslly de- 

cl-eascs. These phenomena, illustrated schematically 
by Figure 6B, are explained by the assumption that  
the firing of low-charge -rounds tends to  copper. the 
n ~ u ~ a l e ,  which protects it from erosion, and thc firing 
of service rounds removes the copper, thus exposing 
the surface t>o erosive influences.lo2 

Studies of stiw gaugc curves have sho~vn th.at inuz- 
zle erosion is not usually confined to :L relatively short 
section of one or two calibers, as is often tl-lought to 
be the case. In  fact, i t  may extend as far baclc as 3.5 to 
30 calibers from the muzzle. li'urthermore, such ex- 

30 
L 

2 5 

20 

15 

10 

57-MM ARMY GUNS ,MI 

5 

0 

3-IN.AA ARMY GUNS, ti Mtsls AND M3 I I 8-lN.ARMY GUNS MK X I  
1 MOD 3A2,T2 AND T2E1 

Ad, IN  INCHES 

FIGURE 7. Correlatjon of extension ton-ard the brcech of muzzle erosion with Ad,,,. (Tb~s figure has appeared as 
Figure 7 of NDRC Report KO. A-357.) 
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tension of erosion seems to be reached relatively slightly, if u t  all, while guns or relativcly high muzzle 
quickly, as exemplified by Figure 7. Thus when Ad, vclocity (say, > 2,800 fps) are conspicuously croded. 
for the $-in. guns mas only 0.01 in., crosion could be It, has been that the quantity Ad,,/Nd? 
dctccted as far back as 15 calibers frorn thc muzzle. (constant for guns ol different calibers fired a t  about 
But with further increase in diameter up to 0.03 in. the sarne muzzle velocity) varies exponentially with 
there was littlc cxtcnsioil of the erosion the muzzle velocity, as rcprescnted byequation (2)) 

A&,/Nd2 = CeV, 
10.4.5 

(2) 
~ e ~ e n d e n e e  on Caliber 

where V is the muzzle velocity, C is a constant, and e 
It is usually said that ~nuszle erosion occurs only in is the base of natural logarithms. A plot of log 

large-caliber guns. While it is true that i t  is most con- ~d, /Nd%~ainst  P gave a straight line as shown in 
spicuous in those guns, ex:~n~ination of star gauge 
data shows that some muzzle erosion occurs in prac- 
tically all guns. I t  has been shou-nti7 that the muzzle , ,,, 
erosion rate . ~ d ~ , / h T  varies approxi~fiately as the 

l 4 O F -  7'Fhl-l 
square of the bore diameter for standard guns of dif- 

bdm(lNJ INCREASE IN AVERAGE BORE DIAMETER 
ACROSS LANDS AT MUZZLE 

N NUMBER OF ROUNDS FIRED 
d(lN) NORMAL BORE DIAMETER 
WILBI PRnJFCTll F WFlliHT . . , - -, . . . . . -. . . - - . . -. . . . . 
V(FPS) NORMAL MUZZLE VELOCITY 
o FIRINQ PROJECTILE m R  WHICH w/da. 0.45 TO 0.65 - - 

W IS  UNKNOWN 
120, , , , I  - -- 1. , , , - 7 1  

FTGURE 8. Approximate linear dependence ol mufixle 
erosion rate on thc squarc of Lhe bore diameter for guns 
fired at three nominal muzzle velocit,y lcvcls. (l'his 
figure has appct~red as Figure 4 of NDRC Report No. 
A-357.) 

ferent calibers fircd a t  about the same level of tnuzzle 
velocity with projectiles of normal weight for their 
caliber. (Such projectiles are characterized by having 
W/d3 " .5, where W is projectile weight in pounds 
and d is bore diametcr in inches.) This approximation 
is ilhnstrated by Figure 8. 

10.4.6 Dependence on Muzzle Velocj.ty 

Whethcr a gun erodes seriously a t  the muzsle 
seems to depend largely on its muzzle velocity. Quali- 
tatively it has been known for some years to ordnance 
personnel that guns of relatively low rnuazlc vclocity 
(say, < 2,500 fps) arc croded at  the muzzle only 

Adm(lN) INCREASE IN AVERAGE BORE DIAMETER 
ACROSS LANDS AT MUZZLE 

N NUMBER OF ROUNDS FIRED 
d (IN3 NORMAL BORE DIAMETER 

. b ,  I Y # - , A  

2 0 0 0  2500 3 0 0 0  11 3 5 0 0  

VELOCITY IN F P S  

FIGUHE 9. Muzzle erosion rate divided by square of l;he 
bore diameter ( ~ d , , / N d ~ )  for nonplal;ed guns fired at 
different rnuzzle velocities. (This figure hn,s appcared 
as Figure 6: of NDRC Report No. A-357.) 

! 
Ad, (IN) INCREASE i~ AVERAGE BORE DIAMETER 

ACROSS LANDS AT MUZZLE 
N NUMBER OF ROUNDS F l  RED 
d(lW NORMAL BORE DIAMETER 
W(LBI PROJECTILE WEIGHT 

-5 V(FPS) NORMAL MUZZLE VELOCITY 
0 FIRING PROJECTILES FOR WHICH 

W/d3 -0.45 TO 0.55 
0 W IS UNKNOWN I 

VELOCITY IN FPS 

FIGURE 10. Log (bd,,,/Nd2) for no~lplated guns fired at, 
different nluxile velocities. (This figure has appeared 
as li'igurc 5 of NnRC Iteporl; No. A-357.) 

Figure 10. Figure 9 is the exponential form of thc 
curve derived from t,he dashed line of Figure 10. Thus 
the early qualitative iclctts regarding the effect of 
nluzzle velocity on muzzle erosion are confirincd in a 
more quantitative way. 



MUZZ'LE EKOSION 207 

Correlation of Muzzle Erosion and 
Origin Erosioll 

I t  should he emphasized that the foregoing dcscrip- 
tion of rnuzale erosion and the correlations of muzzle 
erosion with the nunlber ol rounds, bore diameter, 
and muzzle velocity refer t,o thc normal case in which 
origin erosion progresses simultaneously with muxzle 
erosion. What the rate of extension of muzzle erosion 
~~-ou ld  be if origin erosion were prevented (:is for ex- 
a~nple by the use of some erosion-resistant material 
or sufficiently cool powder) is difficult, to predict. 

It has been suggested that muzzle erosion is 
"~ympt~omatjc" of origin erosion, owing to the pos- 
sible influence of the latter on the modc of behavior 
of the projectile in the bore. While this hypothesis 
seems reasonable, theinformation a t  hand "flU%ho~vs 
that muzzle erosion is not iv(311 cor~.elated with origin 
erosion. The data of Table 6 illustrate the slight re- 

TABLE 6. 3luajrlc crosion of gurls having the same degree 
of erosion at the origin of rifling, as indicated by meas- 
urements of average bore diameter nrith a star 

Gun 
Uesig- Nuin- 

Caliber nation be]. 

Erosion, inc,rease 
in diameter across 

lar~ds (in.) 
At origin At 
of rifling muisale 

Ado Ad ,,, 

155-mrrl, M1 11 
155-mm M1 12 
155-min MlAl 409 
&-in. hlk V I  190L2 

Mod 3h2  
S-in. $46 V I  1731d2 

Mod 3A2 

Xun1- 
bcr ol 

rouilds 
.fired 

1.070 
1081 
944 
70 

295 

lationship between muzzle erosion arid origin erosion. 
The muzzle erosion of different guns of the same cal- 
iber. varies widely \\-hen thc extent of origin erosion 
is about equal. This means that factors other than 
origin erosion :ire also responsible for the growth of 
nluazle erosion. Therefore it 11-oulcl seen1 reasonable 
to suppose thnt the two kinds of ernsioa occui~ to 
some extent independently and thnt if origin erosion 
were eliniint~tcd the problem of nluzzle erosion might, 
still exist. 

10.4.8 Asymmetry of M:uzzle Erosion 

section and Wie tendency for the erosion to be con- 
fined largely to a group of adjacent lands. These 
effects are sometimes so great that they are readily 
noticeable on looking into the muzzle of a gun. 

Figure l l p  sho~vs the varia,tion of larid erosion 
around the periphery for three 1.4-in./45 cal. Naval 
guns, Mk VIII, a t  thrcc s t ~ ~ g e s  of erosion. In these 
guns "pockets" of erosion have formed and the peak 
erosion is very nearly opposite thc minimum erosion. 
Note that the peak erosion shifts in a clockwise direc- 
tion (viewed from the breech) with the number of 

ORlENfATlON (BREECH TIME) 

F~GURE 11.. Asynlnletrical nluzelc crosion i r t  1.4-in.! 
45-cal. Naval gulls, 31k V I I T .  (This figure has appcarcd 
ss Figure 8 ol XDRG Rcpolt No. A-357.) 

rounds fired. Thc curves are symmeti*icnl and are 
very nearly like normal freyuericy distribution curves. 

These curves, ho\~-ever, are not to be takcn as 
necessarily typical ol 14-in. guns. Recent study of thc 
muzzle of a 1,k-in. Naval gun aftcr some 500 rounds 
showed two maxima and two lniliinla in erosion 
rather than one n~asinlum im~l one ~ninirnuni as shown 
by the guns relerred to in Figure l 1 . . l 3 O  

Figure 12 shon's the variation of land erosion 
around the periphery for fom. 8-in. Army guns. These 

Perllaps the most; characteristic feature of nlilzzlc 
a h  this figure and in Figu1.c 12 breech time refers to posi- erosion is its a~ymmet~ry, that is, the Unevenness of tions 31.0,111,~ the vlen-ed frolrl the br.eecll endm 

the land erosion around the perildiery at a given cross that correspond to  those of a clock. 
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curves are different from those of the 14-in. guns. 
Note the lack of symmetry of the curves and the ten- 
dencies toward formation of secondary peaks, most 
prominent in the Mk VI, gun Mod 3A2 a t  the 6 
o'clock position. The curve for the M1 gun, No. 20 
shows that the erosion is very nearly uniform around 
the periphery. Few instances of such uniform muzzle 
erosion have been found. 

to support the view that the position of asymmetric 
erosion is predetermined by the asymmetric position- 
ing of the projectile a t  the start of travel due to 
gravity. 

The ssymmctry of muzzle erosion supports the the- 
ory that muzzle erosion is largely a result of mechan- 
ical action of the projectile as distinguished from 
powder gas erosion. As the powder gases do not spin 
they would not be expected to produce the preferen- 

T2,NO.l AFTER 109 RDS 4 tial erosion of a group of lands such as is usually 
IN.FROM MUZZLE FACE . obscrved in the ~nuxzle end of it gun. Also, in %in. gun 

0.02 
T2 No. 2, 8-in. gun Mk VI, Mod 3A2 and thc 
14-in./50-cal. gun, the secondary erosion peaks are 

0.0 1 .\. nearly opposite the primary ones, which would be 
. ... ,. . expected from projectiles with the base hearing on 

o I one group of lands and the hourrelet bearing on op- 

W 
f AFTER 2 0 8  RDS 

4 IN. FROM 

0.02 

'I 

n 
2 

MKPf MOh3A2  N0.196L2 
AFTER 159 RDS 21N. FROM 

0.02 

k U 

a 

ORIENTATION lBREECH TIME1 

4 
0 I 

FIGURE 12. Asymmetrical mumxle erosion in 8-in. 
Army guns. (This figurc has appearecl as Figure 1.0 of 
NDR.C Rcport No. A-357.) 

It is not true, as is generally supposed, that thc 
orientation of the peak erosion is always in a ccrtain 
clock position or quadrant. Neither is i t  true that the 
lands included in the eroded sector are always those 
which are in the 6 o'clock position a t  the origin of 
rifling. However, Tablc 7 shows that the orientations 
of the peak crosion when referred to the origin of 
rifling arc most frequently in the neighborhood of G 
and 12 rather than 3 and 9 o'clock. This would seem 

posite lands. 
A comparison of the peaks for thc 14-in. guns Mk 

VIII and for the 14-in. guns Mk VIII Mod A is in- 
structive. The peaks of the Mk VIII guns fall in the 
upper half of the bore circumference (9 to 3 o'clock) 
while those of the Mk VIII Mod A gun fall in the 
lower half (3 to  6 o'clock). The two types of guns 
differ in nominal land height (which would not be 
expected to determine orientation of erosion) and 
rifling twist. I-Iowever, the eroded lands a t  the origin 
of rifling for both types of guns are in the lower half 
of the bore (3 and 9 o'clock) at  the origin of rifling. 
This fact suggests that the rifling twist is one factor 
that governs the oricntation of crosion and adds to  
thc evidence that nlechanical action of the projectile 
is of chicf importance in muzzle erosion. 

4 
I 

FROM MUZZLE 

10.4.9 Effect of Muzzle Erosion on 
Gun Performance 

FACE 
I 

Owing to the fact that origin erosion exists along 
wi.th muzzle erosion, i t  is difficult to separate the 
effects of the two kinds of erosion on gun perfor- 
mance. Arl attempt was made to effect such a separa- 
tion by analysis of erosion and range data a t  the 
Naval Proving Ground but the data were found to be 
inadequate.lo2 However, a general statistical method 
of attacking the problem was formulated which 
should prove useful if a considerable amount of ade- 
quate data is made available. 

We may, however, state some of the probable ef- 
fects of muzzle erosion on gun life. The maximum 
angle of yaw of a projectile is proportional to the yaw 
in the gun due to clearance between the projectile and 
the bore.mg As muzzle erosion usually develops over a 

I 
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TABLE 7. Orientation of a~yrnmet~ric muzzle erosion in tcn major-caliber guns. Co~r~piled from mensurements of land 
height, near the n1uzzle.~7 

- 
Orienta,tion* 

Approx. No. oC tllnls Orientation* a t  origin of 
Riflir~g length from muzzle of "peak" rifling of 
t~yist of bore to origin of Xumber muzzle "peak" muzmle 

Gun (tums/cnl.) (in.) rifling of rounds erosion erosion 

8-in., 'r2, No. 1 
8-in., T2, Yo. 2 
8-in. h lk  VI, 

Mod 3A2, 
KO. 196L2 

14-m./45-cal. 
3lk VIII 
KO. 45L 

14-in. /45-cel 
Mk V I I l  
KO. 65L 

14-in./45-cal. 
Mk VIII 
KO. 66L 

14-irr./45-cal. 
Mk VJJT Mod A 
No. 22L2 

14-in ./45-cal. 
Mk VTJI Mod A 
No. 13L2 

14-i11./45-cal. 
Rlk VTI I  Mod A 
S o .  15L3 

1.4-in./50-cal. 9 
A4k G, Nn. 1.10L2 

16-in./45-cel. $ 
Mk VI, No. 202 

109 
190 
150 

36 E.S.R. 
70 E.S.H. 
95 E.S.H. 
35 E.S.R. 
70 E.S.R. 
95 E.S.R. 
35 E.S.R. 
70 E.S.R.. 
95 E.S.R. 
23 E.S.H. 
(53 R.S.R. 

103 E.S.R. 
128 E.S.R. 
23 E.S.R. 
63 E.S.R. 

103 E.S.R.. 
128 E.S.R. 
25 E.S.R. 
65 E.S.R. 

104 E.S.R. 
129 E.S.R. 
209 E.S.R. 

140 E.S.R,. 
200 H.S.R. 

2 :00 
2 :30 

12:00 

11 :30 
12:30 
12:oo 
2 :oo 
3:30 
4 :00 
8:30 

1o:oo 
10 :oo 
4 3 0  

No peak 
G:30 
6 :30 
3:OO 
5 :00 
6 :00 
6 :00 

No peak 
8 :oo 
7:30 
7 :30 
1 :00 

9 :oo 
9 :00 

* Srccch time. 
t See Figure 12. 
1 Scc Figure 11. 
7 Chroruiurm-plated. 

considerable length of the forward end of the hore, i t  
is reasonable to expect that sllch erosion will affect 
tthe value of the first nlaximunl pa\\-. 

The results of 2~ life tcst at  At~crdeen Proving 
Groundoi' a chromium-plat>ed 155-mm gun (;\/I1,SIEl, 
No. 3052), with a nonplated 1.55-mm gun (&I1,41, 
Ko. 1069) as a control, seem to disclose the effect of 
muzzle erosion on yaw ~ tnd  yaw dispersion. Sonic 
2,000 rol~nds 11-ere fired in each gun, each round with 
the HE projectile, MI 01, a,nd with a charge of single 
base p~.opellant calculated to give a muzale ~lelocit~y 
of about 2,800 fps in a new gun. 

For the first 1.,000 rounds the erosion of the chro- 
mium-plated gun at  every nleasured position in thc re- 
gion of the origin of rifling u7as less than that of 
corresponding positions i11 the rlonplated gun. How- 
ever, in the neighborhood of the muzzle, the erosion 

of the chromium-plated gun was considerably greater 
than that of the nonplated gun. Measurements of 
yaw showed a, cc,nsistent$ greater yaw for the chro- 
miurn-plated gunthan for thenonplated gun. Morcover 
tthe disperhyion in yaw 2nd the probable error in, range 
were greater. These rcsults (except for the probable 
error in range) are summarized in Figure 13. 

Muzzle crosion probably also irlcreases the disper- 
sion in range because of possible leakagc of gas past, 
the projectile as it enters the enlarged area. A theory 
involving the following conditions in the bore has 
been proposed." 

Versonal con~munictztion from Dr. L. T. E. Thompson, 
Director of liesearch, Dcvclopment :trrd Test Organization, 
U. S. Naval Ordr~ance Test Station (Inyokern, California); 
formerly Chief Physicist, TJ. S. Nsvltl Proving Ground (Dahl- 
gren, Virginia). 
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or decrease the yaw. If they tend to decrease the yaw, 
the flight of the projectile may be good. If they tend 
to increase it, a bad flight may be set up and i t  may 
last over a considerable portion of the early part of 
the trajectory depending on the extent to which 
damping is effective: According to this theory, when 
shots are fired successively from a gun, ivith a badly 

HERE I S  TWICE erodcd muzzle, somc will have good flight, others bad 
flight. The result is a dispersion in range. 

Recent studies at  the Naval Proving Ground of 
range and erosion data failed to establish muzzle ero- 

U I R .  -.. - 
MUZZLE EROSION 

6.16. AVERAGE OF HORIZONTAL 
AND VERTICAL DIAMETERS 

6.14 
A T  THE MUZZLE. 

/ 

ROUNDS FIRED 

s YAW 
MlAlEl 

6 I 

MIDDLE ROUND NUMBER 

Fr~une 13, Erosion and yaw for 155-mm guns, MlAl, 
No. 1069 (nonplated) and MIAIEI, No. 3052 (cbro~ni- 
urn plated). (This Ggure has t~ppcurcd us Figurc 2 of 
NDRC Rcport No. A-357.) 

The motion of the projectile is unstable in the pres- 
ence of high-pressure loading on the base. The axis of 
the projectile and the axis of the bore do not coincide 
because of clearance between the projectile and the 
bore. Since the rotating band is engraved by and fits 
closely the bore surface, there may be a point near 
the base of the projectile thtough which the insian- 
tancous longitudinal axis of the projectile always pass- 
es (approximate1.y). In general, ancl particularly in a 
worn bore, the longitudinal axis and the axis of mgu- 
lar monlcntum mill not coincide and a sort ol' Poinsot 
motion may be expected. , 

Under thesc circumstances, the bourrelet may roll 
in a spiral motion with considerable contact pressure 
along one section of the lands as the projectile moves 
toward the muzzle. When the projectile reaches the 
enlarged muzzle, t,he powder gascs may escapc paat i t  
in asymmetric fashion. As the projectilc leaves the 
muzzl.e, the gas s1;ream enveloping the projectile can 
be sufficicntly asymmetric with respect to the projec- 
tile to introduce moments tending either to increase 

sion as affecting range dispersion. On the other hand 
they did not demonstrate that  nuzzle erosion was un- 
important. lo2 

I t  has been s~nggested that in addition to the effect 
of the enlargement of yaw and the effect of the muz- 
zle blast, in producing dispersion of yaw, the enlarged 
muzzlc probably gives rise to an indeterminate angle 
and direction ot departure of thc center of gravity 
from the axis of the bore. Some evidencc to support 
this suggestion has been adduced. 

Two cxperinlents have been suggested to gain more 
exact information concerning the importance of muz- 
zle erosion apart from origin erosion: (a) that ttic 
performance of a new gun be compared to onc in 
which the muzzle has been artificially eroded or to 
one in which the muzzle has been eroded by firing 
(the cornpariso~l to be made with the origin of rifling 
restored with a rcplaccablc liner such as described in 
Section 26.3); and (b) that the performa~ice be com- 
pared of two eroded guns having about the same bore 
contour a t  the origin of rifling, the one having con- 
siderable muzzle erosion produced in firing, the othcr 
having no muzzle crosion. The possibility ol having 
the latter expcrimcnt (togcthcr with othcr controlled 
experiments to obtain further infol-mntion on muzzle 
erosion) carried out by the Navy Department has 
been suggested by Division 1 to the Bureau of Ord- 
nance. 

10*4.10Muzzle Erosiolz and Body Engraving 

A phenomenon that may be associated with muzzle 
erosion is body engrauiny. In somc guns and under 
ccrtain conditions the recovered projectiles are found 
to bc more or less deeply ~nnrked by the rifling a t  the 
base above and below the rotating band. In  practi- 
cally all guns there is light marking of tlic bourrclct. 
Available information on the subject of body cngraav- 
ing has been surnmar.ized in a recent NDRC report.b7 
In Appendix 13 of this rcportRf appears a translation of 
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\\-hat was perhaps the first summary of infornlntion 
on this subjcc,t : "Note sur les empreintes des projec- 
t,ilcs au tir," by P. Regnauld, Chief Engineer of 
French Naval Artillery, 1923. 

It has not been shown conclusively that body en- 
graving 0ccm.s in the muzzle, but available evidence 
is in agreement with such an assumption. In  any case 
it qpea r s  that both body engraving and muzzle ero- 
sion are symptolnatic of a colzlmon malady, namely a 
motion of the projectile ill tlhe bore which ultimat,ely 
results in ba,llot,ing or rubbing in the muzzle end or 
bot>h. These two phenomena cause both an erosion of 
the muzzle and the marking of t,he projcctilc (body 
engraving). Figure 1.4 is an attempt to she\\- \\-hat 
mu,y bc the separate effects of body engraving and 
~nuzzlc erosion on the perfornlancc ol' the gun. It; 
\vould seem that the only ef-fect of body engraving per 
sc would be the incre~~scd drag (and thus the loss of 
range) occasioned by the marlring. The inlportance 
of this efiect does not secrn to have been evaluated. 

The effect of muzzle erosion is probably to increase 
the ya,w and thc clisper.sion of yaw (loss of range and 
clispersion of range) jndi~ectly through lenkagc of gas 
according to thc theory of Thompson (Section 10.4.9) 
: ~ n d  to irlcresse the dispersion in rmge and lateral 
dispersion by a direct, geon~et~ric effect, i.c., thc cffcc,t 
of the enlargement itself on the angle of (lep:irt\lrc of 
the cent,cr of gravity of the projectile. 

IS Figure I4 reprtesent,s the relation between body 
engraving and muzzle erosion, i t  is clear that apart 
from correcting the behavior of the projectile in the 
bore, the correcting of body engraving may not cor- 
rect muzzle erosion and vice versa. Thus if me should 
protect the projectile against body engraving by use 
of a harder steel for the projectile, we might reduce 
body engraving, but there \\+auld still be wear or de- 
forn~at,ion of t,hc lands by the projectile snd the muz- 
zle erosion ~ ~ o u l d  give rise to the effects suggcs'ted by 
Figure 14. On the other hand, if we should protect the 
bore against erosion, as for example by a sa t i~fac to~y 
liner or coating, we might S O ~ V C  Lhe problem of ero- 
sion; but if the behavior of thc projectile in the bore is 
bad, the pro,iect,ile mill still be body-engraved and'  
perhaps emerge with n significmt, yaw. Therefore, as 
Figure 1.4 suggests, perhaps a consideration of the 
more fundamental problcrns of the motion of the pro- 
jectile in the borelg5vill lead to a. solution of both the 
problems of body engraving and rnuzzle erosion. 

In Figure 14 the various factoi~s that are sh,oivn as 
contributing to the motion of the projer:tile in thc 
bore and to nluezle erosion are only in thc nature of 
suggestions. The importance of each has been dis- 
cussed elsen-here." The evidence presented there indi- 
catcs th:tt muzzle erosion is related more to  the rnottjon 
of thc projectile than to the powder gases, abrasion 
Ily powder grains and other particles, and oxidation 

ORIGIN 

BLOW-BY ABRASION BY OXIOATION 
AT POWDER BY AIR 

EJECTION GRAINS ETC 

FIGURE 14. Suggestions a s t o  the influence of the motion of (he projeclile in thc b o ~ c  on body cngravrng and muzzlc 
erosion snd thr effects of these tno  pllenornena on gull pel-fo~mance. 
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scoring produccd by localized gas leakage, which is grooves. The forward movement resulted in a piling 
discussed more fully in Section 13.4.1. The deposits up of steel forward of the enlarged area. The lateral 
ahead oi gouges appear to have been sprayed horn a rnovemcnt \\as a flattening of the lands, in somc cases 
jet. widening them by as much as 50 per ccnt. Polished 

cross sections across the lands showed that the lands 

Distortion of Rifling had spread nut a t  the top, overthrusting onto the 
groovcs, the top layer of steel carrying the chromium 

Careful microscope, boroscope, and star gauge ex- with it. The downward movement of the lands caused 
aininations of a number of chromium-plated liners in 
caliber .50 machine giln barrels have given clear 

F ~ ~ u s r n  19. Erup1,cd surface with tongues of 1~1e1,al 
curried forward from pits left kry thc fluxing of inclu- FIGURE 20. An cxample of gouging from blow-by in 
sions in barrel fircd with double-base powder in calibcr 20-mnl gun, MI, No. 1.8709 fired wjbh single-basc pow- 
-50 erosion-testing gun, 150X. (This figure has appeared der, OX. (This figurc has appeared as Figure 6(a) of 
as Pigme 7(dj of NDRC Report No. A-440.) NDRC Report No. A-440.) 

picturc of ho\v such barrels erode when fired with ball 
arninrrnition in moderately long h ~ r s t s . ~ ~ . ~  Although 
the chromium that m-as applied to the barrels offered 
remarkable protcction from the action of thc powder 
gases, the diarncter across the lands at the origin of 
rifling increased almost as rapidly as if no chromium 
had becn present. Owing to thc mcchanical action of 
the bullet the steel of the lands during firing had 
moved in thrce directions : (1) forward, (2) laterally, 
and (3) downward with lateral movement into the 

st dccrease in the diameter across the grooves. Figure 
21 is a sketch showing these effects of swaging of the 
riKing . 

Although the importance of swaging of the lands 
was first upprcciftted in the examination of chromium 
platcd machine gun barrels, later evidence has indi- 
cated that swaging plays a part in the erosion of 
large-caliber chromium-plated guns. It is now be- 
lieved to he a general phenomenon, the result of 
which is frequently obscured in nonplated guns by 
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pounds by dissolving the copper is described i.n Sec- thods is to add lead foil to the powder. charges. An- 
tion 1.1.4.3. otherj involves the use of a solution containing chro- 

Coppering is considered by the U.S. Navy to be so mic and sulfuric acids. 
important in its effect on ballistics that it  employs 
decoppering agents and also specifies liberal bore- jTke details of this method w-ere worked out for 
bourrelet clearances.h1h One of the decoppering me- Naval Gun Factory by thc Geophys.ica1 Laboratory. 



Chapter 11 

LABORATORY METHODS OF STUDYING GUN EROSION 
By Lloyd E. Line, Jr: 

T H E  MOST IMPOWANT laboratory rncthods of study- 
ing erosion that have bee11 used or developed in 

the course of the work of Division 1 may bc divided 
broadly into two classes : (I.) Methods developed and 
enlploycd to st>ucly the fundamental causes of gun 
erosion or to isolate arid strldy separate effects, such 
as the effect of heat alone or of a sir~glc gaseous com- 
ponent on the surface of gun steel; and (2) rncthods 
usecl to test different liner materials, projectiles, :~nd 
powders for their possible use in guns. 

The surest and most direct way to test a givcn 
 material for erosion resistance, as is brought out in 
Section 16.2.5, is to incorporate the material in a gun 
of the same caliber and design that calls for improve- 
mcnt in durability. Indeed, this test should be per- 
formed ultimately, but less costly and less time- 
consuming methods arc necessary to determine the 
materials that are most likely to prove the least erod- 
ible, so that final proving in larger calibers will in- 
volve a few carefully chosen materi:ila. 

The caliber .50 erosion-testing gun was developed 
to serve both purposes mcritioned above. Insofar as 
possible, this gun, together \\;ith its projectiles, was 
designed as a scaled-down model of a cannon. I t  firecl 
a t  velocities above 3,500 fps. Such a gun was found to 
have wide applicability. In addition to its usefulness 
for testing the erosion of steel barrels and of liners of 
many materials with various propellants, i t  was em- 
ployed for the development of pre-engraved projec- 
tiles (Chapters 27 and 31) and of the Fisa protector 
(Chapter 32)) for studies of body engraving of projec- 
tiles, anrl for studies of the fundamental causes of gun 
erosion. This gun and its uses are described in Section 
11.2.1. 

The caliber .50 machine gun of standard design has 
been used evtensivcly for testing metals and alloys 
(particularly stellite and chromium plate) described 
in Part, V. The chief object of these experiments mas 
the irnprovcnlcnt of the caliber .50 weapon itself with 

the results described in Part V1. A description of the 
nlet,hod of testing is given in Section 11..2.2. 

Erosion vent plugs have been used to test both bore 
surface materials and propellants and t,o study the 
causes of erosion. Thus vents of circular cross section 
have been wed for testing alloys and powders (Sec- 
tion 1.1.2.3), for studies of the erosivity of different 
gases heated by adiabatic conlpressio~l (Section 
11.3.1), and for testing the effect of stress on erosion 
(Section 11.2.5). 

Two types of apparatus using vents of D-shaped 
cross section mere developed to study the chemical 
changcs and the cracking that takes place when gun 
steel is exposed to powder gases. These are described 
in Section 11.2.4. 

The methods mentioned so far are not novel in 
principle. Several new procedures have bccn clevel- 
oped to str~dy various phases of the erosion problem. 
For example, as described in Section 3 1.2.6, filings of 
metallic or other specimens were mixed with the pow- 
der charge for a caliber .30 round. The rifle mas fired 
into an evacuated glass tube. Some of the filings were 
recovered from a deposit in the \v-alls of the glass tube 
and the nature of the alteration produced, by the pow- 
der gases was examined by x-ray diffraction. 

Although i t  turned out that cavit~~tion erosion bore 
no relation to erosion in guns, some experiments were 
early carried out in ~vhich different metals and ~illoys 
were subjected to magnetostriction oscillation in air- 
free water. The :lpp:~ratus is described in Section 
11.3.3. 

In an effort to evaluate the causative influencc on 
erosion of the high bore-surface temperature apart 
from any chemical causes, a method was developed 
(Section 11.3.2) in which the surface of a small sample 
of gun steel or other material was bombarded by 
b.itrsts of electrons. In this way a very &in layer a t  
the surface of thc specimen IVLLS subjected to a very 
high temperature for a period of time comparable to 
the time of passage of a projectile in a gun bore. 

In addition to these laboratory methods of produc- 
ing gun erosion or some particular feature of erosion, 
special ttechniques were developed to study the prod- 

' Technical Aide, Division 1, SDRC. (Present address: 
Chcmist,ry Department, University of Tennessee, ~ o x v i l l e ,  U C ~ S  of erosion in guns and in the deviccs enumer- 
Tcnnessce.) ated above. The methods used to disengage and to 
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segregate products of erosion are described in Section permitted a greater powder charge for attainment of 
11.4. The use of the methods of chemistry, metal- high velocities and the increased depth of rifling pro- 
lography, and physics (x-ray and electron diffraction, vided a greater area of contact between the rotating 
radioactive t,r~cers) in studying the prodrlcts of ero- band of the bullet and the rifling, :l, necessary condi- 
sion are discussed in Section 11.5. tion because of the high velocities used. 

Of many of tthe matterials tested, i t  would have 
been difficult to make a full-length barrel. Further- 

11.2 L.A,RORA,TORY FI:R:I:NG 7?:ES7?S more, since erosion is confined to the region of the 

11*2.1 Caliber -50 Erosion-Testing 

Prior to 1942 most of the laboratory nlethocls to 
determine the erosiveness of powders and the resis- 
tance to erosion of various materials were of the vent,- 
plug type, ~vh.ich do not completel-y simulate gun con- 
ditions. Therefore in the early dsys of the work of 
Division 1 there seemed to be a nccd lor (a) an crosion- 
testing gun which could be used to teat m:~terials un- 
der normal and hypervelocity conditions, (b) a hyper- 
velocity gun thrtt would provide data trhanslatable to 
gunR clf larger calibers, and (c) a standarclizcd crosion 
test in which all resistant nlaterials and propellants 
~vould bc cxarnincd under identical conditions. 

With tthis end in vienlthe caliber .50 erosion-ttesting 
gun was developed by the Franklin Institute for Di- 
vision I., NDRC. This gun n7aa composed of three ma- 
jor units (a) the receiver and mount, (b) the firing 
n)echanism, and (c) the test barrel. 

The test barrel was a standard 45-in. monobloc 
ba,rrcl modified as sho~in  in Fignre 1. The chamber, 
origin of rifling, and bullet seat were shaped to receive 
a 20-rnm cartridge case necked down to hold a caliber 
.50 bullet. The depth of rifling was made 0.0 LO in. in- 
stead of the usual 0.005 in. The enlargcd chamber 

origin of rifling, this was unnecessary. Accordingly, a 
spccial gun-barrel assembly was developed into which 
short liners could be inscrtcd. The assernbly consisted 
of three units as shown in Figure 2 : (a) the cham- 
ber section, (b) the breech, and (o) tjhe muzzle section. 
The liner was 8 in, in length and was pressed into 
the brcccl-1. This gun was very economical because 
the various units could be used many times. 

The firing conditions 11~cr.e chosen so as to impi~rt a 
muzzle velocity of 3,500 to 3,750 fps to a 710-grain 
projectile fired from the 4.5-in. barrel. This required a 
powder charge of 476 grains of double-base (20y0 ni- 
t,roglycerin) powder of a, web size that would keep the 
maximum pressnre in tjh,e range 56,000 to 58,000 psi, 
(copper). Occasionally a single-baae (IMR) powder 
was ernployed to observe effects ni th a cooler powder 
:%I; ttie same muzzle vc1oc:it-y. 

Thc resistance to erosion of different materials and 
the gun performance with those materials were stud- 
ied mith three principal types of projectiles: (a) the 
caliber .50 ball bullet, M2, (b) a copper-loa.~aded artil- 
lery-type bullet, and (c) a steel pre-engra,vcd projec- 
tile. The ball 1)ullets mere used mith steel barrels of 
standard depth of rifling for erosion tests vvhcn the 
accuracy life was not of any interest. 

NOTE: 
STEEL.- WD 4150 OR EQUIVALENT 
FINISH ALL OVER 

FIGURE 1 .  Bartrel for calibor .50 erosion-testing gun. (This figurc has appealbcd as Figure 4 of NDRC Report No. A-450.) 
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CHAMBER BREECH MUZZLE 

: F I G U H ~  2. Liner-l,xrre] :%sscmhly To]) calii)ur -50 erosion-te6ling. gun. (This figure lias ~ippcared as Figure 7 of TU'I)RC 
Report No. A450.) 

The &llery-t,ype bullets werc fired a t  hyper- as to produce minimun~ interference of the band wit11 
velocity t,o determine velocity-life and accmac,y-life the grooves. 4 band \\iclth of 0.50 in. was found t,o be 

3, liner assembly. This bullet, shown in Figure 3A, necess:l.ry in ol-dcl. to yield s h a ~ p  engraving without 
~ 1 - a ~  so (lesigncd that accuracy \vould not be too crit- \\iclening of thc grooves. 
icillly by erosion at tho origin of rifling a,nd so The steel prc-engrax-cd projectile in Figure 3B, 

B 
FIGURE 3. ArtiUer~--type (A) and prc-eng~,aved projectiles (B) for caliber .SO erosion-t,esting gum. (This figlirc 1 ~ 5  

appeared as Figures 11 and 12 of NDR.C Report NO. A450.) 
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which is discussed in detail in Chapter 27, was 
used in special tests w-hen i t  w~ts desired to study the 
behavior of a liner or bore surface coating in the 
ncarly complete abscnce of cngraving forces and 
friction. 

Three firing schedules were standardized permit- 
ting a choice of the severity of the conditions. These 
schedules and their uses arc given in Table 1. After 
each group of 35, 70, or 140 rounds, rcspectivcly, the 
gun was plug gauged and star gauged, examined with 
a bornscope, and the borc ~ ~ ~ r f a c e  photographed. In 
most cases the liners or barrels were examined metal- 
l o g r a p h i ~ a l l y . ~ ~ ~ ~ ~ ~  Cnntrol tests were made with gun 
steel barrels (SAE 4150, modified) for each of three 
firing schedules. 

Gun barrels or liner asr;emblies 12,cre considered to 
have failed when (a) velocity had dropped 200 fps, 
(b) the mean radius of dispersion at  100 ft had in- 
creased to three times its initial value or w-hen bullets 
produced keyholes, or (c) the liner material had 
changed in some way that prevented further firing. 

Maximum pow-tler gas pressures were measured 
with a crusher gauge of the copper cylinder type. Ve- 
locity ~+-r~s -determined with two screens 37 ft apart 
connectcd to an Aberdeen chronograph, the first 
screen being 8 ft from the muzzle. The mean radius of 
dispersion was calculated, in many of the tests, from 
targets placed a t  100 ft. 

Erosion on the lands mas followed with a set of 
plug gauges which would give readings in steps of 
0.002 in. from 0.490 to 0.51.6. Erosion across the 
grooves could be measured with a set of rifled plug 
gauges by steps of 0.002 in. from 0.511 in. to 0.529 in. 

These mcaswerncnts tverc plotted as bore profiles at 
various stages of erosion. These gauges were very sat- 
isfactory as far. as simplicity and speed were con- 
cerned, but they could be used only in measuring uni- 
formly tapered erosion. They were not suitable, for 
example, in nicasuring the erosion of bore surfaces 
which hati been plated. h small arcn of thc resistant 
material adhering to the surface ~vould easily stop the 
advance of the plug gauge. To avoid this difficulty :I 
star gauge w-as constructed that could measurc land 
and groove diameter within 0.0002 in. 

The progress of erosion was also followed by both 
visual and photographic examination of the bore sur- 
face through n horoscope. For many tests, barrel tcm- 
peratures were ascertained by attaching iron-con- 
stantan thermocouples on the outside of the barrel at, 
J 0% in. from Lhc breech fwe. 

Projectiles were recovered in screened s~wdus t  
after each group of rounds. Measurements of band 
diameter, width and depth of engraving, and observ- 
ation of body engraving indicated the effect of erosion 
on the behavior of the projectile in the bore. 

The caliber .50 erosion-testing gun had a wide 
range of usefulness as a research tool. Althougll pri- 
marily designed and most cxtensively used for the 
first of the problems listed below, it has been em- 
ployed to study many others. 

(I) Determination of the erosion-resistance of 
materials under hypervelocity conditions (Section 
16.3.5). 

(2) Determination of the erosiveness of various 
propellants at 3,300 fps (Chapter 15). 

(3) Design and behavior of projcctiles for hyper- 

TABLE I. Firing schedules used with caliber .50 erosion-testing gun. 

Schedule Cycle Use 
- - - - - 

I (1) 10 rounds to determine pressure and velocity For preliminary tcst of a new material for erosion resistance, 
(2) 20 rounds a t  4 rounds per ~n in  for erosion with ball bullets M2; rifling depth 0.005 in. 
(3) 5 rounds for projectile recovery 

I1 (1) 10 rounds to determine pressure and velocity Adopted as standard for barrels with rifling depth of 0.010 iir. 
(2) 55 rounds a t  4 rounds per min for erosion and PE projectiles, for testing erosivencxs of powders and 
(3) 5 rounds for projectile recovery erosion resistance of liners and coatir~gs. 

111 (I) 10 rounds to determine pressure and velocity Adopted as a standard for testiay liners and coatings more 
(2) 130 rounds a t  G rounds per min for erosion resistant to erosion thaugun steel, using ball bullets, M2 

and a rifling depth of 0.010 in. 
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velocity guns, particularly of pre-engraved projectiles 
(Chapters 27 and 31). 

(4) Design and behavior of the Fisa protector 
(Chapter 32). 

(5 )  The fundamental causes of erosion (Chapter 
13). 

(6) Erosion at  the joints of liners (Section 10.3.8) ; 
and 

(7) The causes of body engraving (Section 1.0.4.2). 
At about the same time tha,t the caliber .50 erosion 

testing gun v-as planned, tlie Army Ordnance Depart- 
ment \\-as interested in a device for accelerated ero- 
sion tests. What \\-as termed an "erosion gauge" mas 
developed by Frankford XrscnalU3 in cooperation 
with Aberdeen Proving Ground and Watcrto\vn hr -  
senal. This device \\-as siniilar in principle to the c,al- 
iber .SO erosio11-testing gun, but differed in that the 
bore was caliber .30. Experience in its usej31" 3u indi- 
cated that the smaller size offered no marked ndvan- 
tage and some disadvantages. Thereupon i t  was de- 
cided by the Army Ordnance Department that itts 
establishments should use the type of erosion-testing 
gun developed by the Franklin Institute. 

11.2.2 Caliber .SO Machine Guns 

The hypervclocity caliber .50 erosion-ttesl;ing gun 
just described had one serious limitation, which was 
that rapid-fire tests could not be niade with it."l'he 
only rcliable machine guns available for such tests 
were the Bro\vni~lg caliber .30 and caliber .50. Pre- 
lirilinary trials wit11 the caliber .30 gun (Section 
16.3.7) indicated that the rate of erosion was too 
slight, and therefore attention TI-as concentrated on 
the caliber .50. At first i t  \\-as hopecl that by c,ontrol 
of t,he barrel temperature ol this gun through varia- 
tion of Lhe rate of fire i t  would be possible to simulate 
the conditions of erosion in a gun of higher velocity 
a,nd 1:~rgcr caliber, such as the 120-mm gun, MI. For 
this purpose the special firing schedule (designated as 
"GL-135" in Section 23.1.3) ~\-ns clevelopcd. 49 

Subsequent experience in the testing of materi~ils 
by this and other schcdule~ led to the conclusion that 
i t  is not possible to evaluatecolnpletelv hypervelocity 
performance in this 11-ay. Nevertheless the caliber .50 

It had been planned to overcome this deficiency by adnpt- 
irig a 20-112111 sutolllntic gun mechanism to use the barrel of the 
caliber .50 erosion testir~g gun. Sorne prelimir~ary t,ests 11-cre 
made with l\lIodel I of the mechanism clescribed in Chapter 28 
shortly before Division 1's contrnct,~ were t,erlninnted. 

nzachine gun provetl to bc n uscful tool for tfhe study 
of erosion in t\vo \\-ays. The observations made on 
steel barrels, both plain and chromium plated, after 
t,hcy had been fired in t,liis gun, formed thc basis for 
some of thc conclusions expressed in Chapter 13 con- 
cerning tthe causes of erosion. This mas especially true 
11-ith respect to the pherlo~nenon of swaging of the 
rifiing, described in Sections 10.5.3 and 1.3.4.2. 

In the second place, tthis gun served well for tests 
of the ert:~sion resistance of nietals and alloys, as out- 
lined in Section 16.3.8. For this purpos~! they mere 
prepared, either as short breech liners or 9,s coatings 
on :L steel barrel or steel liner. Even1;ually i t  became 
possible to improve tlie life of caliber .50 machinc gun 
bsirrels 11y the use of st,ellit,e liners (descril&d in Chap- 
ter 22), of tapered cl-lrorniulli plat,e applied on a 
hardened steel bore surface ( Chapter 23), and finally 
by a combination ol these two imprc)vements (de- 
scribed in Chapter 21). 

The first typc oI lincr assembly was developed at 
the Gcopllysical Laboratory, CIW in 1942 and 
1943, for t,esting the erosion resistance of a number of 
metals and alloys that appcared promising as a result 
of erosion vent, plug tests (Section 11.2.3). The heavy 
barrelc was selected for this purpose because its large 
\\-all tl-lickness near the breech end facilitated the in- 
sertion of a liner. 

The design of liner assenlhly shox~n in Figure 4 
proved to be the most satisfactory one for insertling a 
liner in a heavy barrel. The liner mas inserted by 
pressing it into the niiddle piec,c on a, taper. The other 
t\17o pieces were screu-ed to the rniddlc one, as shown, 
to form the completed assembly. The liner mas usu- 
ally 5 in. long hut n 9-in. liner \\-as sornetinlcs inserted. 

If the barrel \\;as not subjected tjo too severe a firing 
schedule, the asse~nhly could be usecl for enother test 
by inscrti~lg a nc\\- lincr. Although i t  mas found that 
the press fit \\-as sufficient to prcvcnt the rotation of a 
liner under nor~nnl conditions, it was u s ~ ~ l l ~  sccnred 
against rotation by a pin extending from the outsicle 
of the barrel into thc liner to within Jf6 i n  from tthe 
bore. 

Since the j0in.t a t  the rear end of the liner was cov- 
ered by the cartridge case, no special method of scal- 

By "heavy brtwel" is me:18nt the 45-irr. barrel weighing 28 
to 30 Ih. Barrels made according to four different dr:~x\-in~ 
nn~nLc~.s havc becn uscd: D28253-11, 1>28253A, D28253-A3, 
sncl D28269-8X. These differ onlv in smnll va.riu.tions of out- 
side contour. 
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FIGURE 4. Design of liner for  caliber .50 heavy rnachirie gun burrel used at Geophysical Labomtory for test of materials. 
(This figurc has appearcd as Figure 2 of NDRC Report Nn. A-409.) 

ing was used there. In order to prevcnt the powder 
gases from leaking through the lorward joint into the 
space between th.e liner and the barrel, a washer was 
inserted a t  this junction. This \\rasher is not shown in 
Figure 4. . 

It was desirable to usc as thin a liner as possible, 
first, because i t  was very difficult t,o obtain thiclr rods 
of some of the materials, and second, in order to leave 
as great a thicliness of gun st,eel as possible so as not 
to weaken the barrel unduly. h lninir~lum \\-all thick- 
ness for the liner of % in. T T ~ S  decided upon following 
the failure of a liner made of caliber .50 gun steel 
which ws.s but f.16 in. thick. 

As described in Part VI these liners were used t,o 
test electroplates of chromium and other rnctals, 
coatings of the bore surface, gun steel, special steels, 
~nolybdenum, Stellite No. 21, and other materials. I t  
>>-as necessary to modify the ~~sscrnbly described 
above in order to test cert,ain materials, particularly 
molybdenum. 

CRANE COMPANY LINER DESKN~O 

The design of liner for the hee,vy barrel just de- 
scribed was also nset-l by the Crnne Company ia? its 
firfit experiments wit11 testing erosion-resistant ma- 
terials. Then, when stellite .\\-as introduced, i t  was 
found-necessary to tlcvclop a new design of liner hav- 

ther erosion investigations mere concerned, that a 
source of barrels recessed to receive liners greatly 
simplified thc testing of a wide variety of bore-surface 
mat,erials with the results described in Section 16.4. 
h lnodification of the Crane design of liner, which 

differed in that it did not use a shoulder flange, was 
used for clirornium-base alloys, as described in Scc- 
tion 17.4.3. 

The firing schedules to which, both these liner as- 
semblics were subjccted varied ar!,cording to the infor- 
m&tion desired. For example, in comparing liners of 
metals slao~ving high resistance to erosion, relatively 
severe schedules had to be employed. The various 
schedules that were used, and the applicabilit,~ of 
each, are summarized in Section 23.1.3. 

The performance of the liner assemblies mas judged 
by the muzzle velocity and accuracy. Other data, 
such as gauge  measurement,^, hardness, microscopic 
observation, and some tempel-ature measuren>ents, 
were obtairled in a routine manner. Rallistic data for 
caliber .50 ammunition hitve been surnmax.ixed in a 
rcportU2 from Frankford Arsenal. 

11.2.3 The Erosion. Vent Plug 
ing a flt1,ng.e as described in Section 22.2. This design, GENERAL DESCRIPTION 
~ ~ h i c l l  used a liner 9 in. long, shrinlr-fitted into a steel -. 
barrel and held in place by a steel rctniner, is sh.own Vent-plug: tests have long bccn used by a large 
in Figure 1 of Chapter 22. number of investigntors ?s a aneans of studying gun 

- The later. success of this type of liner adapted to erosion. A number of summariesx" 2w- 447 of the vent- 
caliber .50 aircraft b;%rrelsd and its production in large plug met,hod have appeared. 
quant,ities had the important advantage, as far as fur- The explosion vessel that is con~rnonly used for ero- 

sion vent-plug tests is arranged with three open.ings, 
By "aircraft barrel" is meant the 36-111. barrel weighing 

&bout 10 lb accordillg to Ordllnnce Departn1& draw-ing One is fitted with some mealls of firing. the charge, 
D35348A or D28272. such as an electric connection for firing the powder by 
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heuttirlg :t u-i~.e to incandescence; it second opening is ' 

fitted -with a, pressure gauge ; and the third, is arrs~nged 
so that a cylindrical test,-plug with a small axial hole 
can be inserted in it. The gases fo-tmed when a charge 
of po~l-der is fired in the explosion vessel escape 
t,hrough this hole with high velocity and enlarge its 
diamet,cr 1,y removal of metal. The cxtent of vent- 
plug erosion is usually rlcterrnined by r~leaswing the 
loss of n-eight of t,hc plug. 

A vent-plug n,ppar:tl;~~s, employing less severe con- 
tlitions than thosc used by earlier investigations h:is 
h e n  developed." 'The use of precise laboratory tech- 
niques contri1)utecl to the reproducibility of the rc- 
sultfs, which \\*as achieved through bett,er control of 
the rate of burning of the po~~ t lo r  by closing the muz- 
zI(: end ol t,lic vent \\"ith a rupture difili. The disk 
allo\\red thc pou;der. gases to 'be rc:leased always at  the 

ation, to evnluate the expected performance of a bar- 
rel or lint-:r made of a new material. For instailce, such 
tests (lo not indicate resistlance to mechanical wear 
snch :is by abrasion and s\\,aging. Tlle question of thc 
interpretation of the  result,^ of vent-plug test's from 
t,hc viewpojnt of gml erosion 11~1s 1,een discussed clse- 
where. 

same predetermined pressure. 
The nppnratus, s11or1;n in Figure 5 ,  consisted of :L G 

cylindricftl steel block l~~bving four holes that met, L L ~  

the c:cnt,er, int,o en.ch of \\-hick -\\.as screw-~d a stcel 
plug. When a chzrgc? ol propellant n-a.s exploded inside K 

the block, pl.essm.e was built up  until a copper or 
brass disk ruptured ancl released the gas t,hrough the 
vent, Tn this a8ppara8tus there m:ts provision for both a FIGUHE 5. Erosion vcntplug apparatus. Thc ignition 
crusher gauge and a piezoelectrir gauge. The 111~g /i, which cltrried platinum filament for electric 

ignition, mns srren-ed int,o the horizontal hole N after plug A w:ts n cyli~lder. X in. in outside diamet,er and been placed in hole. (This figure 
% in. long. appeared as Figure 1 of SDR.C Rcport No. A-148.) 

TI\-o sets of test conditions \\-ere adopted in tcsting 
with this apparatus: (1) ,4 vent % in. in diameter RIFLE RIRREL USED .IS A VENT 
subjected to the action of the gases froin double-base 
powder (4.3 g, loatling density 0.1.87 g,icc, which pro- 
d ucecl maximum pressures in the neigtlborhood of 
35,000 psi with a new vent) ; (2) il vent j /8  in. in di- 
amcter and a charge of single-base powder clloscn to 
yield t,he sanw lnctxi1num pressure as above. Condi- 
tions (1) are more severe than those of (2). The latter 
givc erosion rates for stecl samples that are roughly 
eqrlivalent to the rate of increase in groovc diameter 
per rouncl fount1 in certain medium-calil~er guns.i5 

The vent plug has been used for conlparing the 
erosion of 1rlan-y metals ant1 alloys both with single- 
buse and double-base po~vders, as recordecl in Chap- 
ter 16. The eroaivcncss of various propcllsnt,s was 
comparecl by means of vent plugs of gun steel, as 
desaribcd in Chapter 15. 

There are several objections to using t,he data ob- 
tained from vent-plug test,s, ~ i thou l ;  further consider- 

The vent plug, in an apparatus very ~ji~nilar to that 
clcscribed above, \\-as used to study erosion by mis- 
tures of carbon monosidc and carbon dioxide.GCar- 
boil monoxide and oxygen in various proportions 
\\-ere introduced under pressure into t)he explosion 
chamber und ignited electrically. A series of ratios of 
carbon monoxiclc to dioxide in the crocling gases rl-au 
obtaii~ed by varying the oxygen content of the ex- 
ploding mixture. These t>csts and their resultts are dis- 
cussed in Scction 14.3. 

One of the object.s of this resef~rch \ V ~ S  to ascertain 
the possible importance of the formation of iron car- 
bony1 in erosio11." In ic,rclcr to recover a detecttable 
it~nount of iron carbonyl it was necessary to increase 
greatly the area of thc surface exposed to the gases 
over that of the standard vent plug. This was accoin- 
plishcd by using thc bore of a 6-17 Enficld 1.ifle as a 
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ISOLATION OF IRON GARBONYL FROM CARBON MONOXIDE DEPOSITION TUBE FOR THE DECOMPOSITION OF \RON ClrRBONYL 

CONTAOL EXPERIMENT 

FIGVRE 6. Apparat,us used in t,he colIeet~io~i of the gaseous products of erosion of a rifle barrel adapt.ed to vent.-plug csperiments. (This figure has 
appeared as Figure 31 of NDRC Report No. A-311.) 
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vent,. The apparatus is sho~\-n in Figure ti. The explo- 
sive mixture of oxygcn and carbon monoxide mas 
cont,ained in a pressure vessel of 62.5-m1 volume. The 
riflcd portion of an Enfield barrel was machined to 
threttd clirectly into t,he pressure vessel. The breech 
end \\*as closed with a rupture disk which. I\-ould burst 
tit a piezo pressure of 25,500 psi. d thinner rupturc 
disk \\*hich I\-ould burst at  10,500 psi closed the mu%- 
ale end. 

The muzzle end was machined for attac,hment, in a 
vacuum-tight manner, to a large sea1edl;ubc of copper 
c:~.lled the muzzle ttubc. The first 9 in. of this tube 
wcrc lined nith glass. 

The n~uzelc tube 11-as connected through a Icerotest 
va,lve to a glass trap cooled in a bath of liquid air. 
Volatile products of eroeion mere condensed in this 
trap. The original report" contains complete dcst:rip- 
tions of the developlncrlt of t,he above arrangement, 
of many pieces of arlxili:u-y apparatus, such as that 
used t,o purify the carbon monoxide from iron penta,- 
call-~onyl, and of analytical apparatus for identiking 
t,he presence of vo1ai;ile iron compounds! in particular 
th(: carbonyl, in the products condensed in the cooled 
trap. 

In pcrfol-ming the experiment the muzzle tubc s,nd 
trap werc 11-cl1 evacuat'ed. Thr: Kerot,est ~ ~ a l v e  was 
closed nlor~lent~arily ~ ~ h i l e  the misturc of carbon ~nori- 
oxide and oxygen, or in some experiments a st,a.ndard 
solirl propellant,, \\.as ignited. The resulting gases and 
vapors were then slo\\-ly p.imped out through the 
trap. Thc t,rap was sealed off and ~.emo\-ed al>out 30 
~ n i n  lat,er, and the volatile products were transported 
thi*ough a heated capillary tube \\-ith :I currier gas 
while t'he t,rap \\-as slowly warmed. 9 tlcposit of dark- 
colored makel~ial in thc Sine capillary, illr~strsted in 
Figlire 11 of Chapt,el. 14, indica,ted the prcscnce of a 
volatilc iron compound. If, I\-h(:n the material \\-as de- 
composed, analysis of the gaseous product indicated 
the presence of car8on monoxide, tthe volatile corn- 
por~nd n-its taken to be iron carbonyl. 

The itlenl;ific:~,tion of iron carbonyl among t,lie cro- 
sion products in these expej~iix~erits with gas mixt~ures 
and solid propellnnts :lad a description of the va~*ious 
solid deposits in diffcrcnt pnrts of the ~tpparatns is 
fully dcscrihed in Section 1.4.3.1. 

with the usual vent plug, described in Section 1.1..2.3, 
\\;as devised" to study surface changes such as crack- 
ing. Thc surfaces mere to bc observed and the effects 
to be photographed with a comparison microscope. 
Tt was desirable to fol1o.r~ the course of surface changes 
t,hrough many rounds. The apparatus was designed, 
therefore, so l;hi-~t, removable specime~ls with flat sur- 
faces could be used. The use of this method to eval- 
uate metals and alloys 11it.11 respect to  erosion reis- 
tsncc! is mentioned in Section 16.3.1. 

Figure 7 she\\-s a cross section of the i~ppari~tus. 
The "gun" G in which the charge was burned was the 
receiver of a, caliber .30 Army rifle, M1.903, and the 

Frt:rr~s 7. ~\loclified erosion vent a.ppxr.:tlus (with 
D-shaped V P I I ~ , ~ )  f u ~ )  study of surface cl.aclting. (This 
figure has appeared as Figure 1 of NDRC ltcport, 
1-0. A-271.) 

charges were prepared in caliber. 3 0  cartxidge cases. 
The test specimen S \\-as r l l~de from niachined round 
stock. Two flat surfnces were rnillcd on dianietricn.lly 
opposite sides of the roc1 which \\,as inserted ~\.ith a 
good fit, into the hole in the: (:one-shaped plug P. The 
r.emovablc steel bridge B prevented the speoil-rren 
from being eject,etl as s project'ile f'rl-om the explosion 
vessel. The apprtratus c!ould furiction ~ ~ i t l i o u t  the col- 
lar C but this 'i'iVas folmd to prevent occasional loosen- 
ing of the conc-shaped plug in thc ~vall of tlle vessel. 

- 

hiaxinlu~n prcssure was coritrolletl by a brass rapture 
11.2.4 Erosiolz Vents with disk R. When inserted, t,he specirrlcn provided L3- 

n-shaped Cross Section shaped vents through which the hot powder gases 
passed ovcr the flat surfaces. Thesurfacer;; \\-ere of dif- 
ferent \\,idths; hcnce the cross sections of the vents 

An a,pp:i,rat'us similsr in principle to that enlplojrcd were different and two sets of conditions could be 
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studied simultaneously. The exposed wall of t,hc hole 
in the plug P was, of course, also subjected to erosion. 
Thc plug P had to he replaced from time to time to 
keep the conditions in the vents constant,. 

The amount and kind of puwder uscd, and the 
thickness of the rupture disk controlled the time- 
tcrnperature rcla.lion, the composition of the eroding 
gases, the maximum pressure, and the rate ot rise of 
pressure. All these things were important in obtaining 
the desircd conditions. Because the D-shaped orifices 
had a much smaller crhoss-sectional area than thr  hole 
pur~ctured in the rupture disk most of the g:~s went 
out through the rupture disk \+-hen i t  broke. The frac- 
tion of thc total gas that passed over thc tcst surfaces 
depended on the rate of rise of pressure before the 
rupture disk broke and the maximum pressure which 

the specilncn and the powder gases iuilds up at  thc: 
test surface. This coating is not subject to removal as 
i t  I\-ould be in a gun by the passage of a projectile. A 
film of thermal ins~lat~ion inay thus be established 
when several rounds are ignited in succession, and, in 
fact, a difference in the degree of cracking was ob- 
served between a specimen cleaned off after every few 
rounds and one subjected to from 20 to 30 rnunds 
without removing t,he I-eaction products. 

The apprtratus tiescribed above was also used in 
the study by a radioactive tracer techni yue, discussed 
in Section 14.4, of the effect of sulfur and other com- 
ponents of black powder on the erosion of &un steel. 
The flat smfac:es of the test rods facilitateci the beta- 
ray meas~rements."~ 

was attained a t  the ~nomcnl when t,he disk ruptured. APPAR~~TIJS IJSED I N  STUDIES WITH X-RAT AND 
With this arrangement i t  was possible to crode the . . . . ELECTRON DIFFRACTION 
tfest surfaces a t  rates inuch Inore comparable with 
erosion rstes in guns than is practicable \\it11 the con- 
ventionid vent plug. Erosion rates with tjhis apparatus 
are plotted in Figure 13 of Chapter 14. 

Tn order to study cracking, it was necessary to se- 
lect a powder and size of charge that ~vould not cause 
surface melting but, \+-o~.lld be severe cnorlgh to exhibit 
craclring after a few rounds. I t  was found th.at the 
conditions with 2.5 g of caliber .45 pistol p o ~ d e r  and 
a %&in. rupture disk caused noticeable cracking of 
SAE 4140 gnn steel in four rounds; these conditions 
were chosen as standard. In order to rate the differ- 
ent materials, the procedure was to fire a certain 
number of rounds and cornpare the dcgree of cracki.ng. 
The results obtained with a varicty of metals aa,d 
alloys are reported else1vhe1-e.51 

Although the conditions of tcrnperature and pres- 
sure as a function, of time and the composition of the 
eroding gases merc quite similar to those encountered 
in gulls there were two departures from gun-firing 
conditions which ]nay be important in the study of 
cracking. To some extent, the powder gases streamed 
over t,he test surfaces during the period in which the 
pressure was building up, ~vllereas in guns the gases 
come over as a single blast when the projectile passes. 
This probably does not constitute a radical departure 
because in a similar vessel i t  could be shown that, 
with a powder burning as quickly xs pistol powder, 
the major portion of the gas issuing through the D- 
vents does so after maximum pressure is att:tined. 

A more radical departure from the conditions in a 
glln occurs because of the lack of any wiping action. 
Th~xs a coating of the products of a retiction between 

Much infor~nation concerning the chemical alter- 
ation of surfaces exposed to powder gases was ob- 
tained by means of x-ray and electron diflraction 
(Section 11.5.2). For some of this work an explosiorl 
vcsscl, sliocvn in Figure 8, was designed in which the 
pressure and temperature as a function of time cor- 
responded approximately to those in a mediun~- 
caliber gun." This method, like the one descrit)ed 
above, was also used to a limited extent to testr ma- 
terisls (given in Section 16.3.1) for erosion resistance. 

Follou-ing ignition of the powder, the gases passed 
over two sides of a re~t~angular specimen of gun steel 
(0.1x0.2x0.8 in.), held in a cylindrical opening, and 
escaped from the vessel through u vent plug. The size 
of the orifice in the vent plug, usually 5-& in. in di- 
ameter, and the amount and type of powder were the 
factors which dcterrnined the pressure in the explo- 
sion chamber. With 3.5 and 2.5 LFNH-M1 powder 
the ~ueasured maximllm pressure was 51,000 and 
37,000 psi respectively; with 2.5 g of a specially pre- 
pared double-base powder the maximum pressure was 
43,000 psi. 

Scrupulous care was taken to prevent contamina- 
tion of the test rods with the result that no foreign 
material, particularly inorganic salts, was det,ect,able 
in the diffraction patterns obtained from the surfaces 
of control specimens. 

In such s td i e s  it is naturally necessary to avoid 
melting, hut i t  is also necessary to obtain a certain 
minimum thickness of reaction products even though 
under ideal conditions i t  is possible to obtain good 
electron diffraction patterns with layers only a fe\v 
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FIGURE 8. Scconcl explosion vcsscl using D-sI~rt~ed vcnts. (This figure has appeared as Figure 1 of h'DR.C :Report 
No. A-199.) , 
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tens of molecules thick. Blocks of gun stecl held in and Cz, t,he copper and rubber obturating disks 
recesses in the side malls of the explosion vessel, for and Dz, and two additional hardened cylinders Cz and 
exa,mple, accluircd such thin films of reaction prod- C4. Thc specimen was rectangular in cross section, as 
ucts that even fair diffr~~ction patterns were extremely shown in Section A-A, and the space between it and 
difficult to obtain. tthe cylindric81 chamber wall was filled by two steel 

The results of the studies on blocks of gun steel are blocks B1 and Bz which occupied almost the entire 
given in Seeti011 12.2.2. space but which did not interfere with the comprss- 

sion of the specimen. With this arrangement the cyl- 

11.2.5 Circular Vents i.n Stressed Blocks 

Stresses in guns might facilitate erosion by expos- 
ing fresh mctal surfaces to the powder gases. Con- 
ceivably, this might result in continuously renewed 

COWER 

BRASS 

RUBBER SECTION 4-A 

chenlical reaction or absorption of the powder gases. 
An experiment was sct up to test such a possibility.lO3 

Figure 9 shows a cross section of the apparatus in 
which a type of vent p1ug"was used. The explosion 
vessel mas cylindrical about the,vertical axis. Each 

indriaal surface of the hole was in radial con~pression 
along the line of intersection with a vertical diametral 
plane and in radial tension along the intersection with 
a similar horizontal plane. 

The horizontal chamber defined the path of the gas 
stream. The charge was con1;ained in a caliber .30 
cartridge case which was inserted into the powder 
chamber P of a caliber .30 Springfield breech msch- 
anism attached to one end of the horixontal chamber. 
A sinall replaceable plug X narrowed the gas stream 
2nd led it to the entrance of the vent V. After passage 
through, the vent, the gases entered a sir~,all chamber 
Y which mas terminated by the rupture disk R. The 
gas pressure built up hehin.d this disk until i t  broke, 
permitting the main flow of gas to pass through the 
vent. 

The ballistic conditions clioscn for the tests were 
obtained with a vent of x2 in. diameter, a chargc of 
2.5 g of powder NH-MI. (for 37-mm gun Ml!ll6), u 
loading density of 0.47 g/cc, and a brass disk that 
ruptured under a static pressure of 2,000 a8tni in cal- 
ibration tests. The applied stresses on the cross see- 
tion of the specimen corresponded to pressures in the 
range of 16,600 to 83,1.00 psi. 

After firing, the diameter of the vent in different, 
directions was measured with a traveling microscope. 
Any differential change in the di.ameter of the vent in 
the vertical or horixontal position indicates a differ- 
ent degree of erosion under tension, and u11dcr corn- 
prcssion, respectively. 

As further discussed in Section 13.4.1, the measure- 
n~ents  showcd that there was no appreciable differ- 
ence in the diameter for surfaces under tension or 
under compression. 

section shown, except that of the specimen, is cylin- n.z.s Collection of 'Particles and Gases 
drical about either the vertical or the horizontal axis 
of the containing chamber. All parts were made of Thc collection of solid particles and gases dis- 
steel except the brass rupture disk R and the copper charged from a small-caliber weapon was facilitated 
and rubber ohtu~ating disks D, and DQ. Pressure was with the design of the collection tube2(' shown in X'igure 
applied from a-hydraulic press to the parts in the ver- 10. This tube, 4 ft long, mas made of Pyrex glass with 
tical chamber and was transniitted to the ends of the a 0.12-in. wall and 4-in. diameter.. I t  was hermetically 
specinlens through the hardened steel cylinders C1 scsled a t  the two ends by heavy brass cap3. The muz- 
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gases. The escaping gases passed through a vent plug 
that consisted of a small hole in a washer of the de- 
sired material. Tn some experiments where flat sur- 
faces were desirable, a slit-type vcnt was formed by 
mounting two small rectangular blocks of the rnute- 
rial to be tested. 

Thc experiments carried out with this appa ru t ,~~ ,  
which are described in Section 14.6, showed its lim- 
itations. They also led to 3 conclusion concerning the 
desirable form of a morc powerful apparatus, which 
is illustrated in Figurc IS of Chapter 14. 

FIGWRK 11. Preliminary form of appa~at~us for adi- 
akat,io compression of gases (see Figure 16 in Chapter 
14 for proposed improved form). (This figure hiis ap- 
peared 8,s Figure 2 of NDRC Report No. A-429.) 

11.3.2 Electron Bombardment Apparatus 

An experiment was devised for the purpose of eval- 
uating the effects of heat alon,e on the bore surface.ln4 
Electrons from a hot tungsten filament were made to 
strike a, specimen of gun steel orother mst,crial carrs- 
ing the surface of the specinlen to be heated to a high 
tcrnperature for a ve ry  short time. The use of electron 
bombardment proved to be amenable to the desired 
degree of c,ontrol of time and intensity of heating. 

The specimen, mounted on a w8ter-cooled colunln 
as shown in Figure 12, was :L rod 9& in, in diametcr 
with the end to be exposcd carefully polished. This 
rod formed the anode of 8 gaseous triode contained in 
a bell jar under svacuum of 5 X 10-"mm of nlercury, 
as shown diagrammatically in Figure 13. The use of: 

nitrogen or argon a t  these pressures served to reduce 
the space charge. The specimen was insulated with a 
Pyrex shield so tthat only the polished end was effec- 
tive as the anode. The cirt:uit constants were chosen 
so that the time of exposure to the bombardment 
would be about 0.01. sec, which is comparable to the 
time of exposure of the bore surface to powder gases 
a t  the origin of rifling of a 3-in. gun. Electron dis- 
charges, usually about 1,000 in number, each lasting 
about 0.03. sec, tvererepcatedat 3-~ecint~ervals. 1'0x1-er 

FIGTJRE 12. Met,allic sample mount,ed ns an anodc for 
subjectling it  to tiler.ma1 shock by means ol electron - bombardment. (See Figure 13 for dia.grnm of electricrtl 
circuit of clc~t~roil bombardment apparatus.) (This fig- 
ure has appeared as Figure 5 of NDRC Report No. 
A-432.) 

amounting to 20 kw crr~-?wtls applied with each pulse. 
It was calculated that this amount of energy would 
be required to raise the surface temperature to the 
melting point of st,eel in 0.01 sec. 

The results obtained in the course of the develop- 
ment of the apparatus have bcen reported.lo4 It was 
hoped originally that the I-~ombardment I-)y electrons 
would provide a simple method for cvaluating matc- 
rialain terms of the purely thermal effect as mentioned 
in Scction 3.6.3.1. However, :in errat,ic behavior of the 
discharges, despite very careful control of gas pres- 
sure, filament current, and anode voltage, resulted in 
insufficient accuracy and Loo poor a degree of repro- 
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VOLTAGE HIGH VOLTAGE 

OSCILLOGRAPU SUPPLY - D C  

FIGURE 13. Diagr~t~rl of electrical circuit of clcctron homhardment, appar~t~us.  (See Figure 12 for details of ~nounti~lg 
of sample.) (Thjs figwc has appeared as Figurc 4 of NDlZC lieport No. A-432.) 

ducibility for quantitative evaluation in the hoped- 
for manner. i3ett)er control of the discharge might be 
obtained mith a high-vacu111n tube instead of the 
gaseous triode used. 

As a guide to continuation of this I\-ork in the 
luturc it, is well to list the principal difficulties ell- 
countered. I t  \\-as difficult to insulate the specimen, 
snd therefore arcing bet\\-een the specimen and insu- 
lator mas a frequently objectionable pheno~aenon, 
This probably arose from an accun~ulation of the 
electrons which st,ruck the specimen. The discharge 
did not, act mlilormly on the surlace but, tended to 
concentrate on some areas of the specimen, leaving 
other pwts relat,ively unttffeated. This irregularit,y 
vitiated to some er te~l t  the calcula~ion of the peak 
temperatture attained by the surface. 

Approximately 300 specimens were esposed to elec- 
tron bombardment. Phot,ographs of t,he surf:l.ce ancl 
micr.ophot,ographs of etc!,hetl cross scations were nlncle. 
iIlthot~gli Wie investigntio~i did not result in the dc- 
velopment of a simple qnantitatj\*e method of evslu- 
at,ing materials n-it,h respect t'o the act,ion of heat 
alonc, onc rcsult was cviticnt - thnt, although cmck- 
ing \\-as o1)servcd on spccirncns fire11 in nitrogcn, none 
of the specimens exposed sho\\.ed cracking of the h n d  
obser.vec1 in guns. This result seems to irldicntc th:~t 

the cra,aking observed, on a gun bore surface is not 
caused by heat alone. This important concirlsioll is 
discus~ed in Section 13.5.3. 

11.s.s Apparatus for Cavitation Erosion 

Cavitation erosion was one of t,lie phenolnena stud- 
icd in an :ittempt to cvaluate the erosion resistance of 
different msterials, as clcsclribed in Section 16.3.3. 
Apparattus already avizilablc st, the Amour  Research 
Foutldation was used for. the purpos~." The specimen 
mas submerged- in water in the lon-er cnd of tl nickel 
tube. This tul:)c \vt~s sct in vibration by magnetostric- 
tion a,t a frequency of 8,000 c and an aniplitude of 
about 0.05 mm. After n definite length of time, the 
spccirizeri n-:is dis~llountetl ancl examined \cit,h a bin- 
ocular microscope t;o determine the extent of erosion. 
On the basis of visual esaniination, the metals \Irere 
listed according to the degree of resistance to cavita- 
t,iorl crosion. 

The results sho~-ed t,h:tt the mat,erials that \\-ere 
most resistant tjo vent-plug crosion, were least redis- 
tant to cavitation erosion, and vicc vcrsa. The ob- 
vious conclusion, t,herefore, was that vent, o~:  gas ero- 
sion ant1 cavitation ei~osion are not relatcrl, and that 
thc :lppsl-atm is not useful to deterrl~ine the resistance 
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of mctals and alloys to gas erosion. Ho~vevcr, inas- and thus bring thc grcssc to the surface \\-llcre i t  
much as muzdc erosion seems to be the result of could be readily removcd by more solvent. 
n~echarlical wear, a bettcr correlation might be ob- 
tained between mvitation el-osion and muzzle erosion. 
Whether such a cor~t>lation exists llas not been deter- 
mined. 

DISENG,AC,;l3MEN'T AND SEGREGATION 
OF EROSION PKO'UUCTSe 

11.4.1 Introduction 

In order to makc chenlical analyses of the products 
of erosion found on the bore surfaces of guns, i t  is 
necessary todisengage them from the unaltered steel. 
Analysis of the segregated material by a combination 
of chenlical and x-ray techniques gives far more infor- 
mation concerning the nature of the alteration of bore 
surfaces than does x-ray exainination of the produots 
in sin.ce the latter teclmiques can only be used to 
determine what crystalline species are present. More- 
over, ident,ifioation by the x-ray diffraction method ol 
the compounds entrapped in the coppering of guns is 
not possible unlcss they are removed frorn the 
copper. 

In onc procedure, desc~ibed in Section 11.4.2, the 
bore smfacc products were dislodged ~nechanically. 
In the other two, chemical methods were employed. 
In one of Lhern the crosion products entrapped in the 
copper were dislodged by prei'erentiu.lly dissolving the 
latter, as described in Section 11.4.3. T n  the other, the 

11.4.2 %4eclianical Removal of 
Erosion Products 

The following procedure, which, serves as an ex- 
anlplc of removal of products by mechanical means, 
was useti on two quarter portions of a section of s 
3-in. gun lint:rM extending 5.5 to 9 in. from the origin 
of rifling. The pieoes were mounted on a mandrel in a 
lathe and gun steel \\-LLS removed frorn the outside 
surface until a thickness of2 mm 1vas obtained. These 
thin quarter sections \\.crc then placed bore sul.face 
downward and were flattened out by hammering. The 
progressive stress-damage cracks (defined in Section 
13.5.3) greatly facilitated the operation and, in fact, 
made it possit~le to separate thc lands and grooves. 
The specimens were then thoroughly mashed \\.itti 
petroleum cthcr to remove grease and with acetone 
to remove powder particles, as described above. 

Solid, reaction produots were removed mcchanicallv 
from areas that formed the walls of these ma8jl)r 
cracks and were analyzed chemically (for carbon and 
nitrogen), spectrographically, and by x rays. l n  iddi- 
tion to removing the craclr-filling material, it was pos- 
sible to dislod.ge nlechanically metallic "beadsJ' that, 
projected over the edges of thc cracks. These "beadi" 
were exaiilirlcd by x rays. The results of the analysis 
of the crack-filling material and of the "beads'? are 
given in Sections 12.4.1. and 12.4.2, re3pcc:tively. 

erosion products covering the steel surface mere dis- 11.4.3 Kernoval ol: Copper and 
loclged by using a rea.gent that dissolves the under- Entrapped Erosion Products 
lying steel. This is discussed in Section 11.4.4. 

1)reljrninar-y to determining the carbon and nitro- 
gen content of reaction products formed in a gun bore, 
it was of course necessary to remove grease and par- 
t,icles of unburned powder frorn thc specimens. Ordi- 
narily this was done simply by ~vashing them with pe- 
troleum ethcr to  remove grease and with acetone to 
removc powder particles. The grease was oftcn ten- 
rtceor~sly lodged in the fine crack system and was 
therefore very difficult to relnovc. In order to insure 
complete removal it mas sometimes necessary to use 
a Soxhlet extractor. The specimen mas removed after 
each extraction and sufficient time was given for the 
solvent to seep out of the cracks by capillary action 

The "copper" that occurs in the central pol.tio11 of 
a gun bore, as described in Scct,ions 10.5.4 and 12.3.1, 
provides a "storehouse" for products of erosion that 
have been casried forward. A mett2iod wrls developed 
for removing this copper or. gilding metal without at- 
tacking the underlying steel or the erosion products. 
Such a technique not only affords LL means of separat- 
ing the erosiori products but also perinits examination 
of the underlying bore sm.fa,ce. 

Spe"imens to be decoppered were treated with :in 
amrnoniacal solut,ion of ammoniun~ carbonate and hy- 

This sect io~~ has bee11 condenser1 fro~n sections of NUlZC 
Report in c!oInp,cte details for carrying out the droger~ peroxide at  abont 5 C. The relative an~ount~s 
cliffcrent procedures are given. that were found t,o be expedicrit were 15 ml arnmoni:~ 
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\\-atel: (28-29yo S H J ,  0.5 g of po\~-dered a~nmonium 
carbonate, and3  rnl of 30% hydrogen peroxide. Such 
u solution is suficient to dissolve about 0.4 g of 
copper. I t  is important that no water be added to tJie 
decoppering solution; other\\-ise at,t,ack of the steel 
takes place. It; is also inlportant that the ternpcrattire 
of the solution and steel be held betxeen 0 arid 5 C ; 
for if i t  is inadvertently allo\\.ed to warm to room 
temperature, oxidation of the iron takcs place, which 
is revealed by clouding on-ing to a prc,cipitation of n 
hydrated oxide of iron. 

Keither steel nor clirorniun~ plate was appreciably 
attacked in a number of experiments as lorig as the 
above precal.ltions were observctl. Polished specinleils 
were still bright after several hours immersion in the 
ice-cold solution. \'cry few of the reaction products 
formed by the interaqtion of the powder gases and 
steel seein to be attacked v-ithin t,lic tiine that they 
are usually exposed to the soluti.on. Even ferrous ox- 
ide, prcsent as \\ist,ite, is not decomposed. 

A thin coating of a few microns of copper on a rela- 
tively smooth surface was rerrloved in 2 or 3 min, but 
a coat which is one or more millin~eters thick may 
take many hours and require sevcral treatments wit11 
fresh solution. If the surface is deeply eroded, the 

LS ex- copper that is lodged in the botto~li of t'he crack. 
poses a much smaller surface to t,he solution than 
does copper spread out over the bore surface and may 
require repctlted treatment for complete ~~cmoval. 

To recover the gun-erosion products e~itrapped in 
the coppering, the mixture \\-as transfelhred to a con- 
t,aiiner surrounded by ice. The spccii-nen \\.as v-\;asked 
with concent,rated anlnlonia water and treated again, 
if rieccssttry, ~~-it,h t,he decoppering soliltmion. The solid 
particles were prolllpt,ly separated from the spent so- 
lution by centrifuging and were washed in the tube 
\\it11 chillcd concentrated tlmmonia, and finally with 
"C.P." alcohol. Four washings with each reagent 
IT-ere found to bc sufficient. The bulk of the alcohol 
after ce ~trifugiug \\-us decanted as ~onlplet~ely as pos- 
sible, and the remainder removed by cautiously heat- 
ing a t  about 55 C, whereupon the tube was placed in 
a vacuum desiccator. The thoroughly driet-l residue 
mas then reacly for x-ray, microscopic, a ~ l d  chenlical 
analysis. If this 'procedure is follo~ved, the cementite 
frequently present in the residues is not attacked, 
but if the residue is allo\\-ed t,o remain overnight 
in contact with t,he decoppering solution at  room 

t,ernper:~ture, i t  oxidizes and litttle or no cementite 
remains. 

The solutions that hsre been separated from the 
residue may he evaporated to dryness in a porcelain 
or platinun~ basin :md any lead, zinc, or sulfate that, 
lnity be present separ:l,ted from the copper. Analysis 
of tlhe solution quickly yields information as to 
~ ~ h e t ' h e r  the projecttiles fired from the gun being ex- 
anlined had had copper or gilding metd  rotating 
bands. 

11*4.4 Disengagement of Erosion Products 
by Attacking the Steel 

Anotlier. t,ype of segregation of erosion products 
fro111 the bore surfacc! involved the use of a copper 
potassii~lll clhloride solution. This is a solution which 
dissolves the ferrit%e from beneath the erosion prod- 
ucts, which may t,llen be analyzed arid examined by 
a conlbination of technicl~lcs. 1n most instances, as 
discussed in Scction 12.5.2, t>he products c:onsisted 
lnainly of cenient8itc (FeBC). Carbides of alloying ele- 
ments an,d nitrides were also t'ount-l. 

The reagent \vas prepared by dissolving 300 g pure 
copper potassium ~hloricle (CuClz.21EC1.2H20) in 
a nzixturc of 65 1111 of concent,rated hydrochloric acid 
and about 800 ml of \\-atel. The solution \\-as filtered 
through asbcstos a,ncl diluted 11-it11 ~l-at~er to a volumc 
of one liter. 

The reamgent \\-as used a t  roo111 temperature and 
was rnechallically stirret.1 to accelerate (Xecomposition 
of the steel. During this dccomposition, copper was 
~Xeposited on the spcc,inlen but was redissolved by the 
time the lerrite was completely dissolved. Cuprous 
chloride was also fornzed ; it is soluble in t,hc reagent 
but someivhat insoluble in \\-at8er. Wsshi,ng of all speci- 
mens and segregated residues, therefore, was done 
first 1vit11 portions of thc fresh solution bsfore~vasl'ling 
with water. 

The reagent was applied clirectly to the bore sm.- 
face of a g m  section, remaining in contact only long 
enough to dissolve the immediately underlying steel. 
The flakcs were then picked off. Since the steel \\+as 
not completely deconlposcd in this case, the cupper 
deposited in the course of the reaction was nut dis- 
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solved and had, to be removed by the decoppering Plaques may prove useful in studies of crack systems. 
tcchnique previously described in Section 1.1.4.3. They should not be confused with the replica fi1ms;jfi5 

that have been uscd to study the eroded surfase of a 

The success that was obtained with such a reagent 
in segregating cemcntite and other borc-surfaceprod- 
ucts was due to the fact that they have greater re- 
sistance to a t t ~ c k  by the reagent than has iron. Thus 
the erosion products are not LLinsoluble" in the re- 
agent in the sense that the term "insolubility" is 
normally used. I t  is important that the reagent not 
be allowed to remain in. contact with the spet:iinen 
for too long a time as it dissolves erosion products 
othcr than ce~nent~ite. Even$ually even cementite 
ma.y decompose in the sohxtion. 

Products other than cementite were segregated 
from stteel and from eroded bol'e surfacee by means of 
this reagent. Thus from a plain carbon steel no ce- 
mentitewas obtflined but illstead alabandiie, a crys- 
talline form ol manganese sulfitlc, together with a 
highly carbonaceous residue. Nitrides were frequent- 
ly segregated from the erodrd bore surfaces. Their 
relativc insolubility in the rragent is discussed in Scc- 
tion 12.5.2. 

Evcn more erosion products were segregt~tcd with 
a solution of copper potassium chloride t,o which no 
acid had been adcled. Ro~vcvcr, quantitative nndysis 
of them was made inlpossible owing to rapid hydroly- 
sis of iron rdth form&tion of a presumiibly hydrated 
oxide of iron. Thc non-acid solution, however, was 
useful when only x-ray analysis of the products mas 
required. 

The crystals of cementite in outer white layers that, 
had X~ccn removed by means of the copper pot,assium 
chloride solution (see Scction 12.5.1.) were so coherent 
that when care mas exercised they could be rcmoved 
as scales which comprised a cast of the reticulated 
crack systcm. A refined nlethod of obtaining such a 
caat consisted of coating with a Vinylite resin the 
eroded surface of a thin section taken para,llcl to the 
bore surface and t,hcn dissolving the fcrrite away 
from the other side, whereupon t,he flakcs adhered to 
the Vinylite. The Viny1it)e coating and the adherent 
erosion products was called a "plaque." Stereoscopic 
photographs of a numhcr. of plaques were talren. One 
of a pair of pl-lotographs is reproduced in Figure 14. 

gun bore. 

11.4.5 Fractionation ol-' Erosi,o.o. :Products 

Erosion products discngaged from the bore surface 
were sometimes separated from one another by elu- 
triation in an organic solvent, such as al.coho1. l?wo 
refinements of the ordinary elutriation process were 
employed. The. particles stirred up in t,he liquid were 
separated (I)  by centrifuging the sllspensions for dif- 
ferent lcr~gths of time, and (2) 1337 holdirlg a magnet 
near. the bottom of the containcr when decanting the 
liquid. 

l l . 5  TECTIN'IQUES USED TO EX.A.MINE 
T.HE PRODUCTS OF EROSION' 

11.5.1 Visual and Metallographic 

Examination of Bore Surlaces 

Thc visual exa~ninat~ion of eroded borQ surfaces is 
not a technique in the same sense as is exarnination 
by x-ray or electron diffraction. Much depends on the 
acuteness of obscrvulion of the investigator, his 
knowledge of what might be expected to happen in 
guns, and his general cxperience in carefully examin- 
ing gun bores. In short, he must he a detective. ITis 
results are not only difficult to describe but also they 
are sonletimcs difficult to photograph in such a way 
as to prescnt, to the reader what the investigator him- 
self sees. 

The Greenough-type stweoscopic rilicroscope has 
been usedll2 recently to rclatc tthe topography of the 
bore surface with positions in the gun, with various 
structures and constituents of thc surface, and \\:it11 
various processes and stagcs of erosion. The typical 
surface features of g1.m bores are more readily inter- 
prcted when observed stereoscopically than when 
seen in pliotogmphs, sucll as tthose shown in Section 
1.0.5.2. 

Metadlogruphic examination of sections cut normal 
to t,hc bore surface when polished and etched reveals 
the character. of the surface, particula~ly tllc layers 
which are present. Different ettchants have been used 
to show the oonnt,ituents present in these layers which 
are desc:ribctl in Section 12.1.2. 

Careful microscopic observation of tbe altered 
.layer formed in the caliber. .50 erosion te3tin.g gun 
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tion studies described in Section 14.2. This procedure 
was also used for somc of the segregated residues. Thc 
llsllal colorimetric methods were used to determine 
in erosion products the amounts of some of the ele- 
ments which are used as alloying constit,ut?nts in gun 
steel. Tn order to determine cxccedingly small 
amounts of molybdenum, a considr:rable refinement 
of the inethodgx was necessary. 

The possible role of sulfur in gun erosion, discussed 
in Sections 12.3 and 14.1, led to the need for a means 
of determining this elenlent in crosion products. The 
chemical analysis of a solrltion or residue can yield 
jnforrnation as to the presence of sulfur but does not. 
enable one to identify the compound of which i t  
forms a part. In some cases, however, tests based on 
reactions in chemically sensitized gelatin-coated pa- 
pers can he employed to yield a fair amount of infor- 
mation with respectto the presencc of sulfides. 

Such t,csts have long bcen used in metallurgical 
work to detect the presencc of sulfides readily soluble 
in dilutc sulfuric acid. A so-called Baumann print, 
which is made on silver bromide paper by wetting i t  
with dilute sulfuric atid arid then pressing i t  against 
the polished surface of the steel, reveals the acid- 
solublc sulfides by pr&cipitation of silver sulfide in the 
geln,tin coatfing of the paper. The general principle of 
the ~kurnann print may be extended. Thus silver 
bromide paper soakcd in water may be used to de- 
tect the presence of water-soluble sulfides; and lead 
cyanide paper soaked in 5% potassiunl cyanide may 
be used to detect copper sulfides. 

All thrce of the above types of contact printing 
were employed in the study of crosion products. The 
use of these sensitized papers enabled the detection 
of sulfides which wcre not revealed by x-ray or elec- 
tron diffraction examination. 

The physical condition of the sulfide is a control- 
ling factor in obtaining good prints. Thus, precipi- 
tated zinc sulfide yields a good print, but the crystal- 
line form, sphalerite, gives no print. The same 
phenorncnon has been observed with precipitated 
niokcl and iron sulfides and their respective crystal- 
line forms, nlilleritc and pyrrhotite. 

Details and applications of these printing experi- 
men.ts have been 

11.5.4 A Mkthod, for Determination o% .the 
Me1tin.g Temperatures of Gun 

Erosion Products 

Onc of the - methods of determining bore-surface 

tempc?mtnrcs described in Section 5.4.3 was an ex- 
pcrimental methodJO"ased on obscrvntions thztt 
some of the products of erofiion found on gun bore 
surfaces showed features that indicated they had 
been in a molten state a t  some strtgc drlring firing. 
This method was used to dctermirle the irlcipient 
melting points of some of thc crosion products that 
were diseng:~ged and scgregated by the techniques 
described in Section 11 4. 

11.5.5 Bore Surface Reactions Studied 
with Isotopic Tracers 

The recent mcthods of concentrating the less abun- 
dant isotopes of the clcinents and of producing radio- 
active isotopes have provided new and po~verful 
means of tracing individual elements, in pasticular, 
nitrogen, carbon, and sulfur, in chemical and physic:al 
processes. In some of the experiments on borc sur- 
face reactions tthe ordinary chenlicxl and physical 
methods -\vould not have provided a solution to scvcral 
pertinent problems. These problems were successfully 
studied by the very sensitive mcthod of adding 3, 

tracer isotope, either one of thc less abundant stable 
isotopes or a radioactive isotope, as described in 
Chapter 14. 

The work with tracers is largely complementary to 
the study of erotled bore surfaces described in tthis 
chapter becausc i t  demonstrated that the process of 
chemical deterioration of the bore surface is a contin- 
uous one commencing with the Erst firings in a new 
barrel. 

The use of tracers to study the processes ol diffu- 
sion and reaction of the- ~onstit~uents of the powde~. 
gases below fresh bore surfaces of steel is more illu- 
minating than an attempt to demonstrate the course 
of such processes in badly eroded surfaces. In many 
of these experiments with new bore surfaces the con- 
st,it,uent was present in too small an amount for iden- 
tification or separation by ordinary chemical proce- 
dures. 

Den~onstration of Epuz'libri~m~rn,. For the study of 
erosion the tracer isotope ~ v s s  introduced into the 
powder charge for a gun by incorporating i t  as a coat- 
ing in the form of a cornpour~d which would be com- 
pletely dissociated when the powder burned. Sub- 
sidiary experiments were performd to demonstrate 
a uniform distribution of a tracer element among the 
appropriate constituents in the powder gas, a neces- 
sary step before interpreting measurements on, th.e 
bore surface. From one such experiment came a 
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temperature of transitio~l of alpha- to gamma-iron. 
Because the bore surface of the caliber .30 rifle barrel 
ordi~larily does not reach this temperature, the test 
barrels mere preheated in a protective stream of 
oxygen-free nitrogen. A photograph of the a,pparatus 
is shown in Figure 18. 

To gain some idea of the necessary amount of pre- 
heat, the question of simulating, in a small caliber 
barrel, the higher bore-~urface temperatures ancl 
longer. heating times involved in medium ancl large 
bore guns, was studied in some detail. Since i t  seems 
to be practicable to atttain this purpose with respect 

to temperature and to some extent with respect to 
the significant times involved, this procedure may 
constitute a method of approach to other ballistic 
problems. 

Diagrams were prepared to compare the computed 
temperature-time curves for various guns and pro- 
pcllants with similar curves for preheated caliber .30 
barrels." The penetration of carbon and the forma- 
tion of reaction products containing carbon was stud- 
ied in the abovc manner for a number of rnaxirn~~m 
bore-surface temperatures and propellants. The re- 
sults are summarized in Section 14.2.2. 



Chapter 12 

THE PRODUCTS OF GUN EROSION 
By .E. C;. Ziesa and C.  A. Mu,rshh 

l2.I SURFACE :LAYERS IN" J3:KODED GUNS iron. The retention of the austenite favored the 
12.1 .l Investigations o:l :Nature of 

Surface Layers 

E XAMINATION OF ERODED GUNS has shown the ex- 
istcnce on the bore surface of Iaycrs that differ in 

sever*ad respects from the unaltered gun steel. It was 
soon recognized that in order to know what means 
could be employed to rnitigate the deleterious effect 
of erosion, il; \\-ou1.d bc necessary to learn what factors 
are involved ill. producing the adtjcred bore surface, 
and -how these fa,c,tors are int,srrclalied, as will be dis- 
cussed in Chapt,er 13. An. esscritial part of such s 
study \\*as a knowledge of the nature of the layers 
on the eroded bore surfaces.. 

There arc sevcral distinct t,ypes of altercd layers, 
not all of which are found. in every gun. The layers 
found depend on w, variety of factors. Not all of t h k e  
varia,tions \yere recognized by the early investigators ; 
i t  is quite likely that they were not studying the samc 
types of altered layers. 

The lnethods that have been wed to study altered 
bore surfaces are numerous. Thcy are of value only 
when the results are coordinated, so that oneis sure of 
what typc of altered layer is responsi1)le for the ob- 
servations. The following techniques were employcd 
by early investigators. 

Hardness tests showed that sonie of the bore sur- 
face layers 11-ere harder than the unaltered steel. The 
conclusions reached were that this hardness was due 
to one or more of the following processes : cold work- 
ing, martensite formed by quenching, introduction of 
carbon, introduction of nitrogen. The behavior of the 
altered layers on tempering led to the conclusion that 
there was no chemical alteration. Analyses of cuts 
taken parallcl to the bore surface indicated in some 
instnndcs t,hat a carburized case ha,d formed and in 
others that a nitrided case had formed. X-ray exam- 
inations of eroded bore surfaces revealcd the presence 
of austenite but not of martensite or compounds of 
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theory of nitrogen penetration as a cause of erosion. 
Metallographic examination seemed to prove the 

srtine things that were Sound by the hardness tests, 
but etching seemed to show that no cementite was 
present. Most of the foregoing tecllniques havc been 
markedly improved sincc tlie time t,hey were first 
elnployed in the study of gun erosion. This early 
work has been evaluated elsewhere with respect; to 
the limitations th.at prevailed a t  the time i t  was 
done+ls,zcil 

IZosting?" initiated a truly systematic study of 
eroded guns. l4c was the first to show the complexity 
not only of the altered layers but also of the entire 
problem ol gun erosion. Earlier investigators had 
used the tern1 "cvhite layer" to designate the wllolc ill- 
tered zone, for with the usual, rnild etching reagents 
employed in tlie 1netallograpbi.c examination of steels, 
this zone does not appear etched a t  low magnifica- 
tions. Ihsting restricted the term "whitelayer" t,o the 
outer zone which constitutes only ~1 minor part of the 
whole altered laycr. In order to eliminate conf~~sion, 
this practice is now generally follolved. Moreover, tlie 
inner zone sometimes etches darlr, thus rendering the 
terrn white layer a misnomer when applied to it. 

12.1.2 Description of Layers 

As was stated above, the layers that may be found 
i.n eroded guns vary. In somc cases only the t,hermally 
alt,ercd layer that is cornrnon l;o all eroded guns is 
present. In the majority of large caliber guns, how- 
ever, all types of layers may be found il care js exer- 
cised to prcserve the outermost layers in nlount,ing 
and polishing the spccinlerls. The following suc;cession 
of layers is typical for guns of low-alloy steel that 
have been fired with single-base powders a t  normal 
pressures and rates of fire. The succession is from thc 
bore surface inward to the unaltered steel: outer 
white layer or layers; inner white layer; thcrrnally 
altered layer; troostite band. These features are 
shown in Figures 3. and 2. 
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ing of electrolytic iron with double-base powder. The 
rest of the material was ferrite together with a small 
amount of austenite. 

Both e1ectrolytj.c iron and gun steel were fired with 
IMR, th.e hottest of the single-base powders. The re- 
sults were practically the same in both cases. The 
main prodrxcts were ferrite and austenite. Fair 
amounts of epsilon iron nitride and wiistite were also 
present. No cementite was found. 'Undoubtedly the 
particles attained too high a temperature for cement- 
ite to be the end product. The rnctal particles were a t  
a higher temperature for a longer t i~ne  than the bore 
surface, which was rapidly cooled by the mass of gun 
steel. 

Iron particles of several different meshes were fired 
with single-base powdcr. The larger amounts of wiis- 
tite and epsilon iron nitride found in the reaction 
product when iron of srnaller particle size was fired, 
can be readily accounted for by the increased surface 
area. These results indicate how much more ret~cti.ve 
a bore surface may be once i t  has acquired an exten- 
sive craclr system. 

".2.4 Thermodynamic  consideration.^ 

Th.e problem of determining the tlleoreticrtl com- 
pounds resulting from the interaction of iron wit11 
po~vder gases was studied in order to explain the dif- 
ferences observed between the results obtained with 
single-base powders and those obtained with double- 
base powders. One means of attackw employed stan- 
dard thermodynamic methods to determine, under a 
number of conditions, the ultimate product, that is, 
the product that would be formed if chemical equi- 
librium were established between a finite quantity of 
iron and an infinite q~lantity of th.e powder gas. In a 
competing series of reactions of gases with iron, the 
ultimate product is the one that requires the grcatest 
,free-energy change for formation directly from iron. 
All possible equilibriums between the gases and iron 
sre discussed in Section 13.3.3. I t  seems improbable 
under gun-firing conditions that the reactions in the 
gas phase are fast enough to establish the equilibrium 
conlposition ol the gas a t  the temperature of the bore 
surface immediately. Thus the reactions on th.e sur- 
face are those with a gas a t  the temperature of the 
surface but having the composition i t  would have a t  
a somewhat higher temperature. 

It was found that for FNI-I-M1 powder (single- 
base) the ultimate product at low surface tempera- 
tures is Fe304 if the react,ing gas is cooled slowly to the 

surface temperature, whereas i t  is FesC if the gas a t  
the surface is cooled rapidly. At higher surface tem- 
peratures FeO is formed instead of Fe304. This ac- 
counts for the absence of cementite in the products 
formed by firing steel or iron filings, mentioned in the 
preceding subsection. 

For FNH-M2 powder (double-base) the ultimate 
products a t  low surface temperatures are the same as 
for single-base powder. At high surface temperatures, 
however, the product is FeO for a wide range of con- 
ditions of cooling of the reacting gas. If 0.1% sulfur 
is added to either powder, the ultimate product a t  
low surface temperaturcs is FeS. The presence of sul- 
fur does not affect the products obtained a t  high sur- 
face temperatures. 

The formation of iron nitrides was not considered 
quantitatively because of the paucity of the data. 
Extrapolation of available data led to the conclusion 
that formation of iron nitrides is impossible a t  the 
temperatures of bore surfaces during firing. Nitrides, 
however, have been found in guns. It may be that 
they undergo a transition a t  temperatures higher 
than those at  which thcy have been studied, thus in- 
validating any extrapolation of the data. 

In this research the formation of solid solutions 
could not be considered because of the lack of data. 
This was unfortunate because the penetration of car- 
bon and nitrogcn into the steel, evidence for I?-hick is 
given in Chapter 14, does take place presumably with 
the formation of solid solutions. It should be borne in 
mind, however, that once the bore surface htis taken 
up enough carbon or nitrogen or both to liquefy, the 
formation of solid solutions is of no concern. The li- 
quefied material can dissolvc carbon and nitrogen 
Inore readily than a solid phase such as austenitc. 

The other method of attaclrl" was an attempt to 
explain the differences between the results found in 
the experiments with the test blocks and those in the 
experiments with the metal filings. Thermodynamic 
arguments were used to determine the stfibilities of 
the solid phases and also to predict the direction of 
the chemical reactions. Equilibrium curves were plot- 
ted for the reactions to form FeO and PeaC from COz 
and CO and for the reaction to form carbon and car- 
bon di.oxide from the monoxide. The curves, shown in 
Figure 8 of Chapter 13, bounded the regions for the 
positi.ve and negative free energies of the reactants 
and the products. The various temperatures consid- 
ered \+-ere those of the bore surface during firing. In 
this work great care was taken to show that under 
the conditions of gas flow in the experiments with the 



EROSION PRODUCTS ENTRAPPED IN THE CC)PPERING 251 

test blocks the assumption that the equilibrium con- 
stants to be used for gaseous reactants correspond t,o 
a temperature only slightly above the bore surface 
temperatures is justified. In, the use of these equi- 
librium constants rather than those for higher tem- 
peratures this second investigation difiercd from the 
first. 

A consideration of the effects of pressure and tem- 
perature upon the reactions involved led to some im- 
p0rtan.t conclusions, which \\-ill be discussed in Sec- 
tion 13.3.3. Also the effect,s of nitrogen and hydrogen 
upon the system Fe-C-0 were considered. Low ten+ 
perature react,ions n-crc discussed i11 this connection. 
Somc of the conclusions n-ere borne out by experi- 
nlental evidence. 

The follo~ving conclusions \\-ere drawn from the 
study of the Fe-C-0 system. If the CO/C02 ratio is 
of the order of 2 or 3 and if the temperature at  the 
surface of the specimen docs not exceed about 1100 C, 
Fe3C is to be expected as the major reaction product, 
but FeO is to be expected above about 1200 C. If the 
CO/C02 ratio is of the order of unity, tlien FeO is to 
be expected as the mtijor reactmion product above 
t~Lout 1000 C, but below til~out 900 C Fe3C may still 
be produced in considerable quantity. Increasing the 
pressure favors FenC w-hile decreasing the pressure 
favors oxide formation. The higher CO/C02 ratio 
corresponds roughly to single-base powders and the 
lower ratio to double-base poll-ders. 

T t  should be noted that in this second investigation 
the products \$,ere ternled 7nujol- rather then ulli.rtzale. 
Nothing is lmown about the rates of reaction at  the 
temperatures and pressures that :ire obtained in the 
firing of guns, but prcsamabl~i kinetics are of some 
importance. Therefore, even though all the theoretj- 
cal ultinlate products have been found in guns, it 
cannot safely he assumed that an :~ctual end product 
\\-ill al\vays be an ultinlate product. 

12.2-5 X.-Ray Examinations of Barrels Fired 
in the Erosion-Testing Gun 

The quantitative determination of the rate of ero- 
sion of gun steel\+-ith different propellants fircd in the 
caliber .50 erosion-testing gun is thoroughly discnssed 
in Sct:tion 13.3. In addi.tion to the general relations 
bct~vcen the flame temperature of the powder and the 
crosion rate and thernlal transformation of the steel, 
the dift'ercnces in the compounds tthat \\-ere identifictl 
on the I-)ore surfaces by s-ray examination are related 
to thc: erosiveness of the powder. 

The erosiveness depends not only on the flame 
temperature but to some extent on the colnposition 
of the powder. Ferritc ancl :tust;enite were found in 
a11 cases. With double-base po~~der s ,  the only other 
mnstituent identified \\+as .\viistite (FeO). Snlaller 
smounts of this substance \\-ere found for all the 
cooler powders with the esceptio~l of IMR, th.e hot,- 
test of the single-base powders. Ckmentitc (FeaC) 
and the epsilo~l phase of iron nitrid.e (FepN,) in 
varying amounts were revealed by the x-ray analysis 
of the barrels fired ~i-ith most of the cooler po\vders. 
In the case of the four coolest poi\-ders, an unidcnti- 
fied constituent ~i-as found. 

In view of the thernlodynamic considerations mcn- 
tioned above, the 11-ustite and cenientite are to be ex- 
pected in those cases where they were found. The 
greater conlplexitp of the results is probably due to 
the fact that other nloleuules besides those of the wa- 
ter gas resction are present in the propellent gases. 
The presence of nitrogen in some form or ot,her ac- 
counts for th,e rli1;rides that are found. 

The dependence of erosion rate on the tempersture 
of the propellent gases in contact with the bore sur- 
face and on the cornpositions of the poll-ders, a major 
factor in both cases being the CO//COr ratio, has led 
to the thcory that a po\~der  of a cert,ain colnposition 
might be found that ~rould be less erosive than any of 
the present pox\-ders. This theory is dist!,ussed in Sec- 
tion 15.6.3, and scveral preliminsry esperi~ne~lts 
along this line arc clcscribed in Section 15.6.5. 

EROSION PRODUCTS ENTRAPPED 
IN THE COPPERINW 

12.3.1 Coppering 

The deposits of copper or gilding nletrtl found in 
guns :&re rarely cle:tn, since they entrap material 
eroded from the bore surface, i~lcliiding compounds 
formed in reactions with the powder. gases. For this 
reason heavily coppered sections of eroded guns have 
been used as a source of erosion products for study. 
These compounds were segregated from the copper 
by dissolving the lather by thc tcchniqile describetl in 
Section 1.1..-1:3. d s  ~ r a s  sts.ted in Section 10.5.4, the 
heaviest coppering commonly occurs in the central 
portion of the bore, thus the deposits that \\.ere stud- 
ied yielded a ~v~filt,h of material that had been carried 
for!\-ard from t;he region of the origin of rifling. Fre- 
quently s pronounced layered structure was evident, 
co~isisting of alternate deposits of reaction  product,^ 
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and other debris and of flows of copper. Because of contact printing methods but can readily be idcnt,i- 
this mode of deposition, which was likened to alter- fied by x-ray analysis of residues centrifuged Crom 
nate ash falls and lava Rows from a volcano, i t  was ammoniacal decoppcring solutions (Section 11.4.3), 
possible to discern whether or not thcre was any tlif- for they are less soluble than the copper sulfides. Both 
ference between early and later deposits. wurtzite (hexagonal ZnS) and sphaleritc (cubic ZnS) 

have been found in crodcd guns. In the case of s 
12.3.2 Su1fcr.r in the Coppering 

In the study of gun erosion i t  is the reactions of the 
powder gases with steel that are of interest ; however, 
the study of the coppering in guns has yicldcd infor- 
mation regarding other reactions that havc taken 
place. Onc of these is the reaction of the copper or 
gilding metal with thc sulfur in the powder gases. The 
fact that copper and zinc react so readily with the 
sulfur may mitigate the effect of the sulfur compon- 
ents of the powder on the gun steel, which is discussed 
in Section 14.4. 

Both the sulfur which is disaolvcd in the copper 
and that which is present in the form of copper sul- 
fides can easily be detected without removing the 
copper deposit. When coppered bore-surface speci- 
mens are heated in hydrogen and the effluent gases 
3re pnssed into cadmium acetate, a yellow precipitate 
of c~~dmiunl sulfide is formed which indicates t,he 
prcscncc of hydrogen sulfide. The presence of copper 
sulfides can also bc indicatcd by a contact print 
mcthod in wkiich potassium cyanide is used to ctch 

75-rnm gun a very interesting succession of deposits 
was found interlayered with the coppering. Wurtzitc 
adone was found in tihe deposit a t  th.e surface, \vhile 
both sphalerite and wurtzite and also digenite were 
Sound nearer the copper-steel interface. Wurtzite and 
sphalerite are the high- and low-temperature forms of 
zinc snlfide respectively, the inversion point wit1 the 
pure sulfidc is 1020 C. Digenite (CugSs) is a low-  ten^- 
perature form of copper sulfide. Presumably, this in- 
version temperature would enable one to tell what 
temperatures were reached a t  and near the bore sulh- 
face, but the relationships among these sulfides are 
not simple. The absence of sphulerite does not nec- 
essarily mean that the immediate bore surface had 
reached a temperature of 1.020 C since the inversion 
point may be lo\vercd by the presence of other ele- 
ments, especially iron, dissolved in the zinc 

Zinc sulfides are sometimes found in guns that have 
copper rather than gildidg-metal deposits. The zinc 
in thesc cases may havc been derived from impurities 
in the copper or what is more likely from the car- 
tridge case. An example ol the latter is undoubtedly 
the wurtzita that was found a t  the location of the 
mouth of the cartridge case in a 5-in. gun.28 

the specimen. Copper sulfidcs, such as chalcocite OTHER SULFUR COMPOUNDS 
(CuzS) and covellite (CuS), are soluble in potassium 
cyanide. The total sulfur in the copper can be found 
by removing the deposit with the arnmoniacill solu- 
tion described in Scction 11.4.3, and by analyzing 
both the solutions and the insolublc residues. The 
sollltion dissolves the chalcocite and covellite as well 
as copper; the relatively insoluble copper sulfide, 
digenite (CugS6), can sometimes ba found in the in- 
soluble residue by x-ray analysis. 

Chalcocite has been identified by this incthod of 
analysis in the material removed from thc cracks 
near the origin of rifling where there was no coppcr 
obvious on the bore surface. 

Galena (PbS) has bcen found in the copper and 
dso  on bore surfaces where there was no coppcr. The 
lead may be dcrived from the primers or from lead 
foil incorporated in the powder charges lor the pur- 
pose of decreasing the amount, of coppering. Metallic 
lead has been found in eroded guns.12L1" Barium sul- 
fate and carbonate have been identified in residues 
centrifuged from dccoppering solutions. l'otas .slum ' 

sulfnte has likewise been identified in bore-surface 
products. The barium and potassium were both de- 
rived from the powders. 

Z ~ N C  SULFXDNS Very little study has been made of the distribution 
When gilding-inetal (alloy of copper with 10% of sulfur in the coppering of guns. In only one gun, a 

zinc) rotating bands he.ve been used, zinc sulfides are 5-in. Naval gun tube, have the relations between 
found in the coppering. These cannot be detected by the amounts of sulfur and copper with respect; to the 
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distance from thc origin of rifling been studied. The 
~.esult,s are givcn in Table 1. I t  can be seen tha,t the 

TABLE I.  Copper and sulhir on the bore surface of a 5-in. 
Naval gun at differcnt distances from the origin of 
1.ifllng.9~ 

Distance from 
origin of rifling Copper Sulfrrr 

(in.) (mgs/sq cm) (mgs/sq cnl) S/Cu 

amount of copper increased with distance from the 
origin of rifling, reached a xnaxiniuin a t  about 1.3 in., 
and apparently dem-c:~sed slowly from there on. The 
amounts of sulfur \\--ere erratic, but the ratios of sulfur 
to copper seem to indicate that the sulfur in the pow- 
der gases was gradually being exllausted by combina- 
tion with the copper. 

12.3.3 True Erosioll Products 

Entrapped , , in the Copper 

True erosion products are conlpounds of iron or of 
any of the alloying constituents in the gun steel. 
Thcse, as well as the sulfur co~llpounds mentioned 
above, have been found entrapped in the coppering 
of guns. 

Cementite (FenC) \\-as identified in the decoppering 
residues from all hut one of the guns which had been 
fired with single-base po~vders. In the case of the one 
exception, a 14-in. Naval gun, i t  may well be that the 
region studied mas too near the muaxle end. In  Sec- 
tion 12.2.1 i t  mas pointed out that cementite is a 
characteristic product a t  2nd near the origin of rifling 
in guns that have been fired with single-base powder. 

X-r:~y analyses of the bore surface had rtlso shown 
that the epsilon phase of iron nitride (Fe2Ns) \VBS 

characteristic of 2111 these guns and tfhat small amounts 
of miistite (FCC)) were founcl on some. This iron ni- 
tride is unusually resistant, even more so thnn ce- 
mentite, to attack by the amlnoniacal decoppering 
solution; thus if prescnt in the copper, i t  should be 
found in the residues obtained on decoppering. Rpsi- 
Ion iron nitride was identified in some of the residues 
in n-hich ccnientite had been found but  as not de- 
tected in those from the guns in which wiistite had 
ailso l)r:en found on the bore surface. This may n1e:Ln 

that the iron nitride is less stable than cementite 
when they are formed under condit,ions that are fa- 
vorable for the format,ion of n srnall ~~rnount  of wi is -  
tite; and that, ~ v t l i l ~  irori nitride is found on borc 
surfaces togethcr with both \+-iistite and cenicntitc, 
i t  may not be stable when carried away from the bore 
surlac~c and entrapped in the copper. As was innplied 
in Section 12.2.1 on thermodyn:mnlic considerations, 
the question of t,he forlllation and stability of thc iron 
nitrides in guns demands further i~lvestigat~ion. 

,Sustenite, :LS is stated in Section 12.2.1. and 15.3.4, 
has been found in the bore-surface layers of all eroded 
guns that \\-ere examined by x-ray diffl.nctIion, no 
matter what type of powder had been used. I t  has 
not been Sound in residues obtained on decoppering. 
,4s a, matter of fact, if it were found, i t  ~\-ould be nec- 
essary to evaluate the results v-ith great cant,ion since 
cven srnall amounts of coppel* contaminating the resi- 
due would give the same s-ray diffraction pnt,tern as 
ftustenite. 

MTustite (FeO), 11-hicli is the orlly iron compo~ind 
that was found 11y x-ray diffl.action studies of gun3 
fired ~vit,h tlouble-base powder (see Sections 12.2.1 
and 15.3.4), is also the only iron compound idenl;ific(l 
in decoppering residues obtained from such guns. 

Other iron conlpounds that \\?ere not found dil.ectljr 
on thc bore surfaces have been found entrapped in 
the copper. One of the niost int#eresting of t)llese \\,as 
iron-rich, brown "enamel," which was the niosl; out- 
standing feature of a 5-in. chromium-plat,ed Kaval 
gun. This contained a small amount of c~ystalline 
material that could bu identified by x-ray diffraction 
analysis. The conipounds identified were potassiuln 
copper i'errocyanide K ~ C U F ~ ( C N ) ~ ,  mustite, barium 
sulfate, and sphalerite (cubic ZnS). The complex cy- 
anide is, in a sense, a true erosion product for i t  con- 
tains iron. It probably represents the reaction be- 
tween the copper and a complex iron cyanide formed 
on the bore slurface of the gun. Other indications of 
conlplex iro~i  cyanides on surfaces of guns and tesl: 
specimens have been f o ~ i i ~ d . ~ ~ ~ ~ ~ ~ ~ ~ ~  

Wiist,ite TI-aa identified tiirectly on the horc smface 
of this gun but the area subjected to the x-ray besni 
is known to have contained a considerable amount of 
bro~vn enamel and the \+-ust,it,e is believed to bc: closely 
associated nith the brown enitnlel. Wultrrite (hex- 
agonal ZnS) 11-as found a t  the location of tfhe mouth 
of the cartridgc case, thus it is not surprising that 
sphulerite (cubic ZnS) was detected beyoncl the origin 
of rifling. Thesc two positions in the bore of this gun 
;we shown in Figures 10 ancl 11, respectively. 
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gamma-prime iron nitride present, but probably the 
bulk of the nitrogen was contained jn the austenite. 
The chemical analysis indicated that the nickel car- 
bide did not constitute the bulk of tjhe material in 
this case as did the iron carbide (cementite) in the 
case of the white layers in other guns. In this 76-mm 
gun, the surface lsyer was only slightly enriched in 
nj.ckel, for the ratio of nickel to iron was not much 
greater for the surface layer than for the steel. 

The incipient melting points of some of the prod- 
ucts in this 76-mm gun tube were determined by the 
method described in Section 5.4.3. There is no doubt 
that liquefaction of the bore surface took place in this 
tube and therefore the temperatures a.t the bore sur- 
face during firing must have been above the incip- 
ient fusion tcrnperatures of the products. For this 
rcason these melting point deter.minations are of 
interest.Io5 

The segregated surface layer flakes began to melt 
a t  13.50 C. This temperature may be somewhat higher 
than the sctual incipient melting point of the white 
layer for minor amounts of material may have been 
dissolved in segregating the layer. Another experi- 
ment was carried out shich was not subject to this 
error. Some bore surface material was detached 
mechanically fmm the area which had a thick white 
la,yer. This began to melt a t  1.125 C thus indicating 
that fusion of the reaction products could take place 
a t  a temperature a t  least 300 degrees lower than that 
of gun steel. 

12.6 SUMMARY O'F EV1DENC:E OF THERMAL 
AND CHEMIC.AL ALTERATION 

Generalisations concerning the mode of formati011 
of the altered surface layers in eroded gun bores can 
bc drawn from the nature of thc erosion products 
described in the preceding sections of this chapter. 
The causcs of gun erosion, which are discussed in 
Chapter 1.3, must take into account, :t inechanism 
which is in accord \lith the observed changes that 
take place in the bore surface of a gun during firing. 
The accllmulated evidence shows that thermal, chem- 
ical, and mechanicd factors have all played a role in 
the alteration of the bore surface. The first two of 
these are mostly important in producing the types of 
products that are found. The third is mostly effective 
in removing them. 

The bore surface of a gun is influenced to a greater 
depth by the heat developcd in firing than i t  is by the 

chemical action of the powder gases. All but the sur- 
face of the altered layer has been shown to differ from 
the unaltered steel only in texture, not in chemical 
composition. It is believed, however, that a t  the vcry 
surface the altered layer has dissolved sufficient car- 
bon or nitrogen or both to liquefy partially and to 
retain austenite on quenching. Thus the first step in 
the chemical alteration of the bore surface is probably 
the formation of a surface layer which has the charac- 
terjstics of the inner cvhite layer when quenched. 

Once an inner white layer is formed, reactions a t  the 
bore surface are with this layer, which is partially 
liquefied in place during subsequent firing. With in- 
creasing chemical complexity of the immediate sur- 
face material, the melting temperature is decreased 
to the point whcie the material can flow. Material 
that is of a different chemical composition than the 
unaltsred steel has been observed on, many eroded 
bore surfaces. This forms what is known as the outer 
white layer. 

The surfaces of guns having such a layer shocv fea- 
tures characteristic of liquefaction, as described and 
illustrated in Section 1.0.5.2. Metallographic examin- 
ation of cross sections also gives evidence of licluefac- 
tion by revealing laminated structures, as if formed 
by superposed flows. These structures have been oh- 
served for both types of outer white layer. The one 
that consists essentially of cementite blades that ap- 
parently have crystallieed out of a melt flo-rvs like a 
mush, whereas the rarer seemingly structureless one 
without cementite blades apparently flocvs more eas- 
ily. Thus all the a,cuumulated evidence indicates that 
the outter white layer has been liquefied and has flowed 
into place. I t s  temperature of liquefaction for one gun 
has been found to be about 1125 C. 

That chemical reactions have taken place between 
the bore surface and the powder gases is bornc out by 
x-ray studies made of the bore surface and of material 
found entrapped in the coppering. Further evidence 
for these reactions has been found by making detailed 
studies of the outer white layers. The difference in 
chemical composition between the outer white layer 
and the underlying steel is obvious from thermal con- 
siderations alone: thus the structure of this layer is 
not obviously changed by tempering; also partial 
melting of the material a t  a temperature much lower . 

than that of gun steel as ment,ioned above indimtes 
that the addition of materials to the surface has low-- 
ered the fusion range. In  the case of gun.s fired with 
single-base powders, the penetration of carbon and 
nitrogen has been proved, as discussed a t  length in 



SUMMARY OP THERMAL AND CHEMICAL ALTERATION 259 

Chapters 13 and 14. Chemical analyses of outer white 
layers removedfrom bore smfaccs by chemical means 
have confirmed the x-ray evidcnce that the bulk of 
the material removed in this manner was essentially 
a pure iron carbide associated with lesser amounts of 
iron nitrides. X-ray nn:tlysis of material removed by 
mechanical nieans showed that austenite, which usu- 
ally is dissolved \\hen chemical methods of segrega- 
tion are employed, is an important constitucnt of the 
outer white layer. 

Guns fired wit11 dor~ble-base powders rarely have 
outer white layers that are as readily amenable to 
detailed study as those in guns which have been fired 
\\:ith single-base powders. In this case, nevertheless, 
x-ray analysis of the bore surfaces and of decoppering 
residues, have shotvm that ferrous oxide and nustelite 
are the dominant  product,^. Thus reactions do take 
place between the bore surface and the gases froin 
powders containing nitroglycerin as well as those con- 
ttlining only nitrocellulose. 



Chapter 1.3 

THE CAUSES OF GUN EROSION 
By C. A.  Marsh. and J'. N. Hobstetterb 

13.1 INTRODUCTION 

13.1.1 Experimental Approach 

i ORIES concerning the causes of gun erosion were TI*" formed as early as fifty years ago.6 Since then 
many investigators using different techniques have 
arrived a t  different conclusions. The lack of agree- 
ment may be attributed to several reasons, the most 
imp0rtan.t of which is the fact that most of the early 
contributors to this study tried to single out the dom- 
inant mechanism of erosion and to base their theories 
of gun crosion upon i t  alone. 

Gun erosion is a complicated process which in- 
volves a number of interrelated factors. In spite of 
their interdependence, which will be stressed in this 
chapter, different ones of these factors may predom- 
inate even in the same gun a t  certain positions in the 
bore. Since the early investi.gators studied several 
types of guns all with different firing histories, it is 
not surprising thnt the dominant mechanisms postu- 
lated did not always agree. 

Some of the disagreement among the early theories 
was undoubtedly due both to the techniques em- 
ployed, some of which are mentioned in Section 
12.1.1, and to the fact that in many cases only one 
line of experimentation was carried out. A variety of 
methods should be used to study a problem as com- 
plicated as gun erosion; furthermore, as many of 
these as possible should be resorted to in the case of 
one particular gun. Only after a number of guns l~avc  
been studied systematically, is it possible to obtain a 
logical explanation of gun erosion. 

Such studies of eroded guns by Division 1 con.trac- 
tors have been described in Chapters 10 and 12. 
Other pertinent information has been derived from 

Lt Geophysical Lab~re~tory, Carnegie Institutior~ of Washing- 
ton. (Present nddress: U. S. Geological Survey, Washington, 
n. C.) 

Wepartment of Metalhirgy, Hnrvnrd Univcrsity. (Present 
address: Department of Engineering Sciences and Applied 
Physics, Harvard University.) 

 the subject of this chapter is one on which extensive 
studies have been made. Since this was not intended to be >L 
historical account, scarcely any reference has been made to 
work prior to 1940. Sumnlaries of the carly work may be found 
in three reports10.ZB1.47Y that contain extensive bibliographies. 

examinations carried out concurrently a t  Watertown 
Arsenal on eroded gun tubes of different s i ~ e s , " ~ ~ ~ ~ ~  
especially the new T6;-lylm gun, M1.2"7r?"8."77.1",Z"8 In 
these examinations special attention264--'u,?"Y was 
paid to a type of failure designated as "progressive 
stress-damage" (Section 1.3.5.3). In  addition, cxperi- 
ments on rifles, liners, vent plugs, test rods, and 
blocks of steel and other materials, described in 
Chapters 11, 14, 15, and 16, have yielded a great deal 
of information that can be fitted together to give 3 

c1es.r and consistcnt picture of the erosive process in 
guns. 

13.1.2 Principal Factors ICnvolved 

It has proved of great value to group the many 
factors operating in erosion under three general head- 
ings : thermal, chemical, and mechanical I~tctors. 
However, i t  is not to be assumed that these groups of 
factors act independently. Rat,her, it appears that 
gun erosion is caused by the simultaneous interaction 
of thermal, chemical and nlechanical influences. 

Thermal factors, which come about by the transfer 
of heat from the hot powder gases to the bore walls, 
are found to contribute to erosion in three important 
w-ays. First, the hcrzting causes softeni.ng of the bore 
which ~nakes it more susceptible to the action of 
mechanical factors. Second, the heating causes the 
formation a t  the bore surface of a layer of austenite, 
which appears to have considerably less resistance to 
chemical attack by the powder gases than other steel 
modifications. Third, the heating causes a liquefac- 
tion a t  the bore surface of steel itself, when powders 
of high flame temperature are fired, or of low-melting 
mixtures of reaction products, when powders of low 
flame tenlperature are fired. 

Chemical factors, which come about through chem- 
ical interactions of the bore surface and constituents 
of the powder gases, are controlled as to nature-and 
rate by the temperature obtaining. It is found that 
the highest range of tenlperatures favors oxidation, 
with the formation of FeO, while somemhat lower 
tcmperatures favor carburization, with the formation 
of Be&. Carbon and nitrogen are both found to pene- 
trate the outer skin of the austenitic layer, whjch is 
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partly ~t~abilized thereby. Continued reactions and 
liquefaction of this layer may result in the formation 
of a complex ((white layer" on the borc surface. 

Mechanical factors, \\-c-hich i~lvolve the stressing of 
the bore surface by thc pressurc of the propellant 
gases and the projectile, effect the actual removal of 
solid and liquefied n~aterial from the bore. Sweeping 
anrl scouring nc,tion by the gases are found to be im- 
portant mechanisms. Scoring by gas leakage assumes 
inlportrlnce in some cases. Abrasion and slvaging by 
the projectiles are found to contribute appreciably to 
erosion during n-hatever tirne interval the bore es- 
periences softening. 

Cracking of the bore is also a factor in causirlg gun 
erosion; and the same factors that cause erosion con- 
tribute to cracking. Since it is inlportant both as 
cause and effect, i t  is trei~ted in a separate section, 
\+-here it,s apparent dependence upon very numerous 
and intricate interrelat,ions among the influences of 
thermal, chemical, and mechanical shock is (le- 
scribed. 

The term "shock" has been applied to the chelnical 
as well as to the thermal and mechanical factors to 
emphasize the briefness of the interval of time in 
which all three of these factors usually act to alter the 
borc srlrface in such a manner that it may be readily 
removed or distorted. 

13.2 THERMAL FACTORS 

13.2.1 General Statement 

Under the heading of thermal factors are grouped 
all of the effects directly associated with either the 
attaining of elevated tcnlpcrr~ture levels within the 
bore walls or the changing of those levels during the 
firing of a gun. Evide~~tly,  these effects contribute 
directly to gun erosion on.ly insofar as they include 
licluefaction of material a t  the bore surface. Never- 
theless thermal factors play a nlost important role in 
erosion when they act in concert \\lth chemical and 
mechanical factors. Indeed, they may be said to act 
as overitll regulators of the erosive process. 

For example, the effect of mechanical stresses de- 
pends upon the mechanical properties of the bore \v-all 
at the moment when i t  experiences the stresses. These 
properties depend in turn on the temperature distri- 
bution in the barrel a t  that moment. Again, the effect 
of chemical reaction of the bore surface depends on 
the nature and rate of reactions bet~veen the bore 

Which of the many possible reactions actually occur 
a t  any moment, as well as the rate a t  which they pro- 
ceed, depends upon the temperature obtaining a t  the 
bore surface a t  tha t  moment. 

It is thus evident that any adequate understanding 
of the cause of gun erosion must include as a first step 
a full history of temperature changes experienced by 
the bore \\.all. I n  other words, thermal factors niust 
he quantitatively understood. 

13.2.2 r 7 
. .L hermal Softening of the Bore 

I t  is well known that the hardness of gun steel 
drops rapidly if its temperature is raised much above 
500 C and that concurrently the strength decreases 
and the ductility increases. If stresses are applied to 
t,he steel when it is in this softened condition, it is 
obvious that considerably different behavior is to be 
expected t,han if they were applied to cold steel. I t  is 
important to consider, .then, what kinds of stress the 
bore of a gun experiences when its surface is thermally 
softened. TI\-o extreme cases can be pictured \vhich 
bracket the true behavior of any gun : single-sh0.t 
guns in ~vhicli cooling is substantially ,complete be- 
tween rounds ttnd rapid-fire g u n ~  in \\-hich the whole 
bore \+-all niay rise above the softening tempera,ture 
during prolonged bursts. The first fell- shots fired in 
rapid successiorl from an initially cold machine gun 
barrel represent an intermediate case : here the 1~11ole 
thickness of the barrel has not yet become hot, ljut 
near the origin of rifling a very thin layer of steel be- 
ginning a t  the bore surface remuins so h.ot between 
rounds that i t  is soft, itnd variously transformed on 
cooling. 

I t  is not difficult to imagine the history of a single 
round f ron~ among mimy fired in a single-shot gun. 
At the rnonlent of firing the bullet begins to move 
down the bore, passing over a surface bearing the 
harden.ed layer which is discussed in Section 1.3.2.3. 
This hard layer probably resists ad.equately the stres- 
scs accompanying the cngraving and friction of the 
bullet except that it may becotile cracked because ol 
the ~necha~lical shock and its low ductility. Such 
cracking is discussed in detail in Section 13.5.3. 

Hot gases follo\v inlrnetliately behind the bullet 
and heat the bore surface. I t  has bc-:en sholr-n in Chap- 
ter 5 that ti relatively thin skin at  the bore surface is 

material and the constituents of the powder gas. rapidly heatcd in this way to temperatures far be- 
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pond the softening temperature. The actual arnouiit 
of softening that results from this heating increases 
progressively, since softening is a function of the ttime 
a t  temperature. In any case, as the bore softens i t  is 
subjected to scouring action and gas pressure, as de- 
scribed in Section 13.4.1, and is more easily affected 
by these processes because of deteriorating mechani- 
cal properties. 

It nlay be noted that some gases may leak past the 
bullet and preheat the bore. Friction between the 
bullet and the bore also cause hcating of the bore. 
Whatever softening accompanies these phenomena, 
of course, permits an inorcascd superficial deforma- 
tion of the bore surface during engraving and passage 
of the bullet, but it seems unlikely that the effect 
could be large except in extreme cases of fau,lty 
obturation. 

s in all^, the bullet and gases rush from the gun, the 
heat transferred to the bore surfitce concurrently dif- 
fuses very rapidly into the cold metal of the bore wall, 
ancl the hardness of the bore surface is restored. 

In principle, the effects accompanying rapid fire 
arc the sarrle as those accompanying single shuts ex- 
ccpt that the heat transfer to the bore surface is ef- 
fected so frequently, as described in Sections 5.4.2 
and 5.5.1, that the whole barrel begins to heat. As is 
brought out undcr "Swaging"inSection 13.4.2, a layer 
extending to a corisiderable depth below the bore sur- 
face may remain in the soft a~st~enitic state. Undcr 
these conditions, the bullet passing down the bore 
encounters only a very soft surfxce. In addition, the 
gas pressure may actually dilatc the \vhole softened 
tube. 

,I This section is ba,sed ollan NDRC r e p ~ r t l ~ ~  by one of the 
authors of this Chapter. It us?$ evidence obtained from u st~idy 
of eroded gun barrels and liners fired in a particular gun under 
hypervelocity conditions to support a theory of the interrela- 
tions between thermal and chemicnl fact,ors in the erosion of 
that gun. There has not been opporturiity to  determine the 
extcnt t.o which the same approach may be made in the study 
of othex eroded guns. Since this is the first attempt to reduce 
this important subject to a quantitative basis, it seems desir- 
able topresent this point of view in some detail, even though 
full experimental vcrifioation is lacking. Thus the attempted 
experimental comparison of the relative reactivities of nuaten- 
ite and ferrite is open to the criticism that the observed differ- 
ences in chemical reactivity can be accounted for on the 
grounds of differences in temperature and texture. (See Section 
1.2.1.2.) Also examinntio11~~ of sorrle ~nediurn-cdiber guns fired 
a t  conventional velocities has revealed "mushrooming" below 
chromium plate on a steel surface that had not been thermally 

13.2.3 Thermal Transforniatio~i at the 
Bore S,urfaced 

The methods of calculation outlined in Section 
5.4.1 show that the temperature of the bore surface of 
gun tubes can rise not only above the softening tein- 
perature, but above the critical temperature of steel, 
about 750 C. Indeed, it has been shown that nC the 
hotter parts of the bore surface, a zone more than 
0.002-in. thick may experience supercritical temper- 
atures during the firing of a single round. This cir- 
cumstance suggests very strongly that the bore sur- 
face can be transformed tjo the high-temperature 
(gxm~na) modification of iron known as ~tustenite. 

That such transformation does actually occur is 
abundantly demonstrated by t,he existence of the 
thermally altered layer which is found in all gun steel 
tubes, as has been described in Section 12.1.2. It 
may be mentioned again here that in the caliber .50 
erosion-testing gun (Section 11.2.1) this layer is 
formed by the firing of one round, that its thiclcness 
depends almost entirely on the powder and the con- 
ditions of firing, as is emphasized in Section 15.5.4, 
and that i t  forms under thin protective coatings 
which prevent direct contact with the powder gases. 
These facts argue convincingly that the laver is of 
thermal, not chemical, origin. 
Mechanism. Any thermal transforn~at'ion of this 

sort depends on time as well as temperature. The 
transformation in gun steel can be pictured as invo1.v- 
i,ng first the formation of austenite from thc ferrite 
(alpha iron modification containing little cark~on) t~nd  
the subsequent solution of carbides in austenite as 
solvent. Both processes are controlled by 1;he diffu- 
sion rate and take time to occur. Of course, i t  ~vould 
be proper to speak of austenitization even if the car- 
bide solution process were incomplete, and thermally 
transformed layers containing undissolved carbides 
have been observed after the firing of only one round 
in the caliber .50 erosion-testing gun (Section 1.1..2.1.). 

Evidently, the region along tjhe bore surface that is 
transforined is the rcgion which cxpericnces thermal 
conditions sufficient to cause austenitixation and the 
rather sharp interface between altered and unaltered 
steel experiences critical conditions. Because this in- 

altered. I t  is hoped, a t  any rate, that fnt11i-e investigatnro may 
be stimulated by this account of a new approach to the subject 
to pursue it  further. (Editor's note.) 







THERMAL FACTORS 265 

AUSTENITE 

(s table  phase above approximately WQOc i n  pure i ton)  

Solid solution of C i n  7-Fe Kith carbon atoms dis t r ibuted a t  random i n  the  
interstices of t h e  face-centered cubic lattice. Homogeneous; nonmagnetic. 

- 

PEAHLITE; 
tU\ 8 Eutectoid proportions of f e r r i t e  2 2 3  A I"' YI and cementite (0.8 percent C ) . 

\ 8 0 
P) CI 

=: " 2  3 
u Fine lamellar structure,  Harder c C T I  

Z 8 t . ~  f e r r i t e .  \ z 3 E 
* -5CU \ g o c  o 

\ 
PRIXARY TRUOSTITE (f in8 pearUte) \ 
Nodular s t ructure  (dark-etching ). 

than pearli te.  

D 

SORBITE 9 

Very fine spheroidized structure.  
Harder than pear l i t e ,  b u t  so f te r  

/ and more ductile than t roos t i t e .  

/ 
SECONDARY THDOSTITE / 

Uniform s t ructure  (dark-etch-) . 
Harder than sorbite.  

O oU 

" 8  
tu 

MARTENSITE 

Supersaturated i n t e r s t i t i a l  eol id  solut ion o f  C in*-Fe, the  Lattfce of ~ i c h  
is  dis tor ted t o  tetragonal symmetry; chemically homogeneous; magnetic; very 
had.  Acicuhr  s t ructure ,  which is extremely f i n e  i n  properly quenched s teeL 

F l c r n ~  3. The microstr~ct~ural constituents of steel. (This figure has appeared as Table XX in NDRC Report, No. A-91 .) 
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the cartridge case. In  extreme cases, the centering 
cylinder, hetween the origin of rifling and the positiorl 
of t,hc cartridge case, appears to llavc bcen scooped 
out. 

13.3 CFTEMICKL FACTORS 

Thc discussion of the products of erosion in Chap- 
ter 12 has sho\cn that a consideration of the reactions 
of the constituents of the pox\-der gases with gun steel 
is of  t ti no st importance in for~nulat~ing a rncchanism 
of gun erosion. The elements prcsent in t,he gases re- 
sulting from the combustion of all the usual propel- 
lants are carbon, oxygen, hydrogen, nitrogen, and 
sull~lr. The effect,s of separate ones of these constitu- 
ents has been studied by means of carefully controlled 
laboratory experiments, the rcsults of which are given 
in Chapter 14. 

It must not be concluded, however, tthat these ele- 
ments act independently as such to bring about 
che~nical ch:mges in tthe bore surfa,ces of guns during 
firing. H.:~ther, the powder gases must bc considered 
to consist of a mixture of mo1et:ules in which the 
above elemcnts are combined. Their conccntratioils 
depend not only on tthe type of pow-der but to a large 
extent on tlie temperature ol thc gas mixture. The 
type and rate of reactions which take placc betwccn 
thc steel and the powder gas depend essentially on 
thc ten~perttture of the borc surface and the compo- 
sition of the gas, which in turn depends on its temper- 
ature. These rcactions and tlie conditions effecting 
and affecting them are the subject of t,his section. 
1nsof:ir as possible they are rela,ted to the obscrva- 
tions :~,nd results described in Chapters 12 and 14. 

13.3.2 Penetration of Carbon and N-itrogen 

r)~ YEERENCE &ETW~;T:N PJ~NETRATION AND SURFACE 
RI~ACTIONS 

The rcactions which prod~loe carbides and nitrides 
are corlsidered to be thc inost in~portant of those 
which contribute to gun erosion. This conc:lusion was 
derived not only from the evidence presented in 
Chapter 12 but from thermodynamic considera- 
tions" which sho\~ccl th:tt in guns fired with single- 

the latter case, howcver, the oxidation of tlie borc 
surface is probably of little importance since heat is 
sufficient to melt the steel under an oxide film, as 
was lnentioned in Section 13.2.4. Furth.er~nore car- 
burization and nitriding of the steel are penetration 
reactions, whereas oxidation is essentially a surface 
reaction. Oxide films are easily removed in firing, but 
the metallic alteration products containing carbides 
and nitrides may accumulate in some cases to a con- 
siderable thickness; hencc, in the case of oxidation 
evidence is not us~ially as abundant as in the case ol 
penetration of carboil and nitrogen. 

These penetrating reactions produce complications 
in the determination of ultimate proclucl;~ by ther- 
modynamic methods, as is described l:lter, for solid 
solutions involving carboil and nitrogen are formed, 
for which there are insufficient data to permit of their 
treatment. It is believed that an understanding of the 
systems Fe-C and Fe-N so far as is kno\vn is desirable 
in order t,o considcr the role of carbon and nitrogen in 
gun erosion. 

IRON-CARBON STSTEM ' 

A simplified, equilibrjmu diagram503 for. the iron- 
carbon system is shown in Figure 5 .  This might be 
more truly called a diagram for the iron-iron cnrbicle 
system since only tthe high iron end is considered. 

0 I 2 5 4 5 
Per Cent Carbon 

base polvders the n l ~ ~ j o r  product to be expected is 
FIar-aL: 5. conslitution diagxm. jRcpro- 

rcincntite (FeaC), wherens in guns fired with double- duced from Jfe/aZs  andb book, 1930 cd., p 388, by pcr- 
hase po\\--clers t,he major pro(111ct is 11-iistite (FeO). In mission.) 
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This diagram is simplified in that i t  givcs no indica- 
tions of the microstructural constituents, which are 
combinations of the crystalline phases arranged in 
definite textural patterns that are observed metallo- 
graphically. For exumplc, the lowcr half of the dia- 
gram shows only the phases ferrite and ccmcntitc 
(6.67y0 C). In  the field designated as "fcrritc plus 
cementite" the microstructural constituents pearlite 
and ferrite are present to the left of a perpendicular 
dropped from S ;  between perpendiculars from S and 
B, pearlite and cementite are present. Pearlite itself 
consists of a mixture of- ferrite and cementite but in 
definite proportions and with a characteristic struc- 
ture. I 

For those who are not familiar with such constitu- 
tion diagrams several examples will be given to illus- 
trate the meanings of the various points, lines, and 
fields. The left edge of the diagram represents pure 
iron. As the right side of the diagram is approached 
the composition is that of iron wit,h increasing 
amounts of carbon. The line ABCD, callcd the li- 
quidus, represents the beginning of solidification on 
cooling and the end of melting on heating. All points 
above this line represent alloys in a completely mol- 
ten condition. All points below ABCD rcprescnt 
alloys partially or completely solid. 

The alloy containing 4.3% carbon is the eutectzc 
alloy and solidifies entirely a t  the point C with the 
simultaneous formation of austenite and cementite. 
At  thc eutcctic tcmpcrature austenite will hold 1.7% 
carbon. Cementite precipitates out on cooling bclow 
this temperature, the limit of soli~bility of cementite 
in austenite being represented by the line SE. The 
point S is called the cutectoid. It is similar to the eu- 
tcctic C except that i t  is completely surrounded by 
solid fields. 

Any further explanation of this diagram will be 
postponed until it is referred to in connection with 
the phenomcna rtssociatcd with gun erosion. Infor- 
mation on microstructures obtaincd by quenching 
and by other methods which depart from equilibrium 
conditions may be obtained from Figure 3. 

Several differcnt tliagrams for the system iron- 
nitrogen or iron-iron nitride have been proposed.503 
Molccular nitrogcn does not mnct appreciably with 
iron; the formation of nitrides is usue.lly carried out 
through the medium of ammonia. The constitution 
diagrams do not represent equilibrium conditions but 

must be considered bchavior diagrams. The work on 
this system is far from complete, but enough has been 
done to show the similarity between alloys of iron 
and carbon and alloys of iron and nitrogen.lO Thus 
the names of the following constituents that have 
been found are self-cxplanatory : nitroferrite, nitro- 
austenite, and nitrornartensite. The eutectoid alloy 
has been called braunite. 

Some of the proposed diagrams were based on ex- 
perimental work which employed the x-ray diffrac- 
tion method of analysis. The pertinent data obtained 
are given here. The eutectoid temperature was found 
to be 591. C with a nitrogcn content of 235%.  The 
occurrence of iron nitrides, Fc4N and Fe2N,, has been 
established. The former, tvhich is called the "gamma- 
prime phase," has a face-centered cubic structure 
with a cell size somewhat larger than that of the 
"gamma phase" (nitroaustenite) when i t  contains al- 
most as much nitrogen. The latter, which is called the 
"epsilon phase," has a hexagonal structure and may 
contain from 8 to 11.3 per cen,t of nitrogen. The corn- 
pound FedN is supposed not to be stable a t  high 
temperature and to decoinpose a t  650 C into the 
gamma and epsilon phases. 

Further experimental w-ork was carried out on the 
system iron-nitrogen in connection with the investi- 
gation of gun erosion by Division 1. This work'n is 
discussed j.n Section 14.5.3. The experimental results 
led to the conclusion that sincc they are not stable 
under firing conditions, iron nitrides are formed in 
guns during the cooling sta,ge either by low-tempera- 
ture reactions with the powder gases or by precipita- 
tion from nitroaustenite. 

If conditions are such during firing that carburizing 
reactions may take place, then carbon may penetrate 
the steel bore-surface. Since carbides and nitrides are 
generally found together in the eroded bore surface 
and since the two systems of those elements with iron 
are somewhat similar, it is assumed that nitrogen and 
carbon penetrate simultaneously. Confirmation in 
the case of carbon was obtained from the work dis- 
cussed in Section 14.2 in that carbon penetration was 
observed, except when FNH-M2 powder was fired, 
which involved oxidizing conditions. 

When austenitization of the bore takes place, as 
described in Section 13.2.3, it is to be expected that 
the surface m.ay pick up carbon or nitrogen or both 
from the powder gases, since the steel does not con- 
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tain the total amount of carbon or nitrogen that nlay 
dissolve in austenite. That carbon actually does pen- 
etrate below the layer of reaction products was 
proved by the experirncnts \vith radioactive carbon, 
the results of which are given in Section 14.2. The 
carbon did not penetrate to the full depth of the ther- 
mally alt,ered layer. 

The penetration of carbon or nitrogcn or both [at 
least a8 far as the bottom of the inner white layer 
(described in Section 3 2.1.2) while i t  remained a t  the 
bore sm*i'ace] is inferred from the fact, that this layer 
is more resistant to mild etches than is the thermally 
altered layer beneath it. Also, it appears to have becn 
locally slightly liquefied in place, which signifies that 
the melting point has becn lowered by additions of 
lnatcrial from the powder gases. The fact that an 
apparently austenit,ic structure has sometimes becn 
observed is considered as evidence that austenitc was 
retained in this layer because i t  had dissolved carbon 
or nitrogen or both. 

The outer white layer, described in Section 12.1.2, 
although i t  consists essentially of cementite, is not 

This proccss continucs with a furthcr number of 
rounds and thc mclting point is successively lowered 
until it nltty reach the eutectic temperature (point C 
in Figure 5 ) .  With the lowering of the melting point, 
the surface layer may actually flow. The evidence 
presented in Section 12.6 indicates that the outer 
T!-l-hite layer is nlaterial that has flowed. 

I t  appears in thc case of guns that have a white 
layer in which ccrncntite is thc primary constituent 
that the eutectic conlposition of carbon was exceeded 
and that celnentitr plus liquid (Figure 5 )  had been 
present on the surface Nitrides are found associated 
with cementite in this 1:~ycl- which means that, what- 
ever the mechanism by which nitrogen was intro- 
ducctl, it did penctratr :~nd nitrides crystallized either 
out of the melt, or out of the austenite which was 
retninrd in the interstices between the cementite 
blndcs. 

For a further discussion of the role of nitrogen in 
gun erosion see Section 14.5. 

believed to be lncrely the result of surface re:~ctions 13.3.8 Reactions at the Bore Surface 
but to constitute evidence of both carbon and nitro- During Firing 
aen penetration. It presumably was formed by con- ... - 
t,iliued pent-:tration of the inner white layer by the Tn the preceding section the systems iron-carbon 
carbon and nitrogen of the powder gases, as described and iron-nitrogen \irere discussed to orient the reader 
below. with rcspect to penetration studies. In the reaction of 

tjhe gun steel with all the constituents of the powder 
- 

gases, the system involved is Fe-C-0-H-N-S. All the 
FORMATION OF THE WHITE J,AYERS I~NRICIIED IN details of this co~nplicated multicomponent system 
CARBON AND NIT~EOGEN are not necessary in determining what products are 

Experiments showed in separate instancrs that, likely to be forlned on bore surfaces during firing. 
both thermal1" and a minor amount of c h c n ~ i c a l ~ ~  The thermodynamic methods used to determine thc 
alteration (carbon penetration) take place during the theoretical products of erosion were described hricfly 
firing of the first round through a gun.' Thc amount in Section 12.2.4. The reactions involved are the 
of carbon which has penetrated increases with thc subject of this section. 
numbcr of rounds. By the time the surface has taken 
up enough carbon to bc partially liquefied (see Figure 
5 for thr  boundaries of the field "austenit,c plus li- 
quid"), there is no longer the question of whether 
compounds of iron or solid solutions are forlned ; the 
powder gases react with the partially liquefied surface 
which presumably can dissolve more carbon, 2nd pos- 
sibly nitrogen, than austenite can. The result is an 
increased "penetration." 

[It  is not known whether this is true for all types of 
guns. The study of therinal alteration was carried out with 
the cdiber .50 erosion-testing gun; the study of ce,rbon pene- 
tration with caliber .30 rifles prehca,tcd to different tem- 
peratures. 

Thc cornpounds of iron that may be formed on the 
bore surface under a variety of conditions depend on 
concentrations of the components of the powder gases 
under those conditions. At the temperatures obtained 
during firing, the major  component,^ arc those of the 
water gas reaction as is brought out in Section 
2.2.2. 

COz + H e C O  + HzO (1) 

The equilibriuln constant for this reaction, expressed 
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by ec~uat~ion (2) [which is the same as equation (5) of The calc~lat~ions were made for various gas densi- 
Chapter 21, ties, bore-surface temperatures and pseudo-gas tern- 

[GO] [IZzO] peratures, which are tl-iosc from which the gas was 
R,, = 

[(U] [HT] ' (2) considcrcd quenched. The dependence of the ultimate 
product on the variables just mentioned was repre- 

and the CO!COs ratio tlccrcnsc with thc tcmpcraturc sentcd graphically by the partition of a three-diinen- 
of the gases. =It lo\\-er temperatures, soot formation sional space diagram. Figures 6; and 7 represent 
[eyuatior~ (3)] planes cut througli such a figure a t  a certain gas 

2COFC t COz (3) density for single-base and double-base powder re- 
spectively. 

is a competing reaction. The compositions of single- These graphs shou- that a t  the instant of firing the 
base and double-base propellants, discussed in. Sec- products obt,aiiled with single-base and double-base 
tion 2.3.4, aa.e such that the flame temperatures of the powders are FeaC and FeO respectively. When the 
latter are higher and, for a given value of K,l:,, the gases are not yucnchcd, oxides (fields iln~nediately to 

PSEUDO-TEMPERATURE OF GAS IN DEGREES K PSEUOO-TEMPERATURE OF GAS IN DEGREES K 

FIGURE 6. The ultimate product for %NH-A11 powder FIGUHU 7. The u l t j~na t ,~  prodlict of FNH-M2 powder 
as a function of bore-surface ta~npcrat~ure and pseudo- as a function of borc-surface temperature and pseudo- 
tcmpcrature of the p;as n t  a dcrlsity of 0.2 g pcr cu crn. tcmpcmtare of t,he gas a(; a dcnsif;y oE 0.2 g per cu cm. 
(This figure has appeared as Figure 1B in NDRC Re- (This figure has appcarcrl as Figure 3 8  in NDlZC Re- 
port Xo. A-301.) port; SO. A-301.) 

CO/CO1 r:~tios ttrc ion-er. These relat,ionships are rep- 
rcscnted graphically in Figure 9 of Chapter 2. 

Standard therinodynarnic methods were uscd to 
determine the ultimate products that ~vould be 
lornled if equilibrium were established bctween a 
finite quantity of iron and an infinite quantity of the 
powder gas." 11n a competing series of reactions, the 
ultimate product is the one that requires the greatest 
negative Iree energy change for formation directly 
froril iron. The conlpositions of the gas had to be cal- 
culated both for the temperature from I+-hich i t  was 
corlsidered to be quenched and for temperatures ap- 
proaching those of the bore surface when i t  was con- 
sidered to have been cooled slowly so that equilibriunl 
in the gas phase was established a t  those lower tem- 
peratures. 

right of line of unit slope) may be formed in the case 
of the single-base po-\vders. In both cases Fe304 is the 
oxide fo~anzed a t  the 1011- surface tempel,atures ob- 
tained when the bore has cooled somewhat aftcr fir- 
ing. Thin films of ma,gnetite (FeSO?) have been found 
by electron diffraction analysis on the bore surfaces 
of guns fired with both types of powders.lU The fact 
that nlagnetite was the dominant erosion product 
found in the craclcs in an eroded gum was attributed 
to the steep thermal gradient between the bore and 
outside of the gun.gs 

It can be seen froin the above results ancl from ;I 
consideration of the water gas reaction (1) that ftt thc 
instant of firing, when the gascs are quenched so that 
the equilibrium constailt K,, is high, the reactions 
that take place in the casc of double-base and of 
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single-base powders are probably those represented 
by equations (4) and (5) ,  respectively. 

Sorne of the oxide iorn~at~ion may also be a.ttribnted 
to reaction with 1-120 by equation (6), 

since double-base poll-ders, which have lower CO,./COz 
ratios than single-base po~~der s ,  have a correspond- 
ingly low H2/H2O ratio, according to equation (2). 
Thc formation of Fea04 takes place by reaction (7) 

because of thc shift in the equilibrium of the water 
gas reaction with a resulting decrease in the CO/CO, 
ratio. FezOa, considered a possibility according to 
equation (8), 

was not found to be an ultimate product under any 
condition. 

Tlie formation of Fe3C could take place in tnTo 
stages, first the decomposition of CO into COz [equa- 
tion (3)] and then the reaction (9) 

of carbon with iron. The formation of FeaC directly 
from CO sccording to equation ( 5 ) ,  however, i s  Illore 
likely, since FeaC is stable with respect to Fe, CO, and 
COz wider conditions aucli that C is not stable with 
respect to CO and C02.U0 

Kinetics, of course, are not considered in the de- 
termination of ultimate products. It is quite likely, 
however, that they have some importance in the 
chemistry of gun erosion. Unfortunately nothing is 
known of the rates of the competing reactions that 
may take place a t  the bore surface, but i t  is consid- 
ered safe to say that the ulti~natc products may not 
always be the lnajor products and perhaps more than 
one product may result. A reaction that may be of 
great i~nportancc is represented by equation (10). 

A plot of the equilihrium curves for the important 
equations is shown as Figure 8. Curve P represents 
equation (10). Relow curve B, the formation of FeO 
from Fe, the free energy change for FeO is negative. 
Above curve E, the fortnation of FeaC from Fe, the 
f~see energy change for BeaC is negative. Both FeO 
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and FerC are stable with respect to Fe in the region 
between these two curves, althoughnot equally stable. 
The free energy changes for both compounds are 
equal along curve I". In a system corresponding to ,z 
point above this curve, Fe3C mill be the n~ajor  prod- 
uct if equilihrium conditio~ls are fulfilled, and below 
the curve, FeO will be t,llle msqjor product,. 

The significance of curve A. [equation (3) ] on this 
plot is to point out that conditions existing s t  the 
surface of the metal may be csrburizing even bclow 
curve P since carbon is precipitated above curve A. 
The rate of diffusion of carbon into iron is higher than 
that of oxygen; the folmakion of carbidc rather than 
oxide will certainly be favored a t  any apprecial-jle 
distance below the metal surfaoc. With an increase in 

TEMPERAWRE IN DEGREES C 

FIGURE 8. Equilibrium curvcs for reactions involved 
in the rhemical alteration of gun steel by powdcr grtse*. 
(This figure has appeared as Figurc 5 in NDRC: Report 
NO. A-466.) 

pressure, the formation of FeaC lrom C [equation (9)] 
is favored. It can be secn that reactions (3) and (5) 
also proceed to thc right; therefore, no illatkcr by 
what mechanism FeaC is produced, an increase in 
pressure favors its formation rather. than that of FeO 
for a given CO/CO! ratio, since the reaction (4) to 
form FcO is not dependent on pressure. 

The only compound of sulfur that is present to :my 
appreciable extent in the pol+-dcr gases is hydrogen 
sulfidc (H2S). In the case of guns where coppering of 
the bore takes placc, the copper (and zinc., if gilding 
metal is used for rotating bands or bullet jackets) 
takes up cseentially all of thc snlfur, ss  described in 
Section 12.3.2. 

Pyrrhotite (FeS,) has been found only rarely in 
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eroded guns." Experimental tests showed that iron 
sulfide was probably formed on stccl test rods sub- 
jected to powder gases."," The results of these ex- 
periments to investigate the role of sulfur in gun ero- 
sion are described in Section 14.4. 

The results of the thermodynamic studiesw led to 
the conclusion that BeS should be formed only in 
small quantities in portions of the gum tube not sub- 
jected to high temperatures since its formation is 
self-inhibiting due to thc energy of reaction. This is 
true in spite of the fact that FeS is str~ble over a large 
range of conditions found in gun firing. 

Probably the most puzzling question with respect 
to the chemical factors in gun erosion is that of the 
formation of the iron nitrides identified in eroded 
guns, which are described in Chapter 1.2. This subject 
has been discussed in some detail in Sections 14.5 and 
13.3.2. Extrapolation of existing data showcd th.at 
iron nitrides could not be formed by reaction of the 
powder gases with the steel a t  the peak temperatures 
reached in firing of guns." Hxperiments showed that 
iron nitrides are decomposed during firing." From 
this i t  is presumed that the nitrides are formed in 
guns during the cooling stage. I t  is probably true, 
however, t,hat nitrogen penetrates the bore surface a t  
the peak pressures and temperatures especially if the 
surface is partially liquefied. The nitrides may form 
on cooling by exsolution from a nitrogen-rich phase 
or by reaction with the cooling gases. 

When the powder gases cool slowly, the concentra- 
tion of ammonia (NHa) increases. Nitrides may form 
by reaction of the steel with this component of the 
g a s 2 T h e  possibility of another reaction has also 
bcen proposed1"-that of the steel with cyanogen 
(CN) or hydrocyanic acid (I-ICN). I t  is believed that 
the presence of these compouslds containing both car- 
bon and nitrogen in the products of combustion of 
single-base powders nlay have considerable irnpor- 
tance, for complex iron cyanides have been found in 
cases where an oxidc m-ould bc e ~ p e c t e d . ~ ~ ~ ' "  These 
compounds, which deconlpose a t  relatively low tem- 
peratures, have been detected in eroded guns as well 
as on test rods, as mas mentioned in Section 12.2.2. 

When the concentration ol' arnmonia in the gases 
increases, the concentration of hydrocyanic acid 
should also increase according to data for reaction. 
(11). 

2C0 + NH,$HCN + COz + 1% (11) 

A concentration of HCN was predicted in the cooling 
gases from a single-base propellant which might be 
sufficient to suppress oxide formation and extend the 
Fe3C field.lan In addition the formation of nitrides 
and complex iron cyanides might result. 

Either carbide or nitride may be formed by the 
reaction of iron with cyanogcn. Experiments were 
carried out to determine what factors were important 
in determining which compound would be formed.1au 
Mixtures of cyanogen and nitrogen were passed over 
iron filings at  different temperatures. Depending on 
the conditions ~f the experiment, nitride or carbide 
or both were formed. I t  was found that the reactions 
involved are complicated. Temperature, CN jNz bal- 
ance, relative rates of tliffusion of carbon and of nitro- 
gen, and the relative stabilities of cementite (FeaC) 
and of the nitrides are all critical factors in deter- 
mining the end product. 

In this section a number of reactions mere'discussed 
in the light of their possible or probable importance 
in thc chemical attack of the bore surfaces of guns by 
powder gases. I t  cannot be stated definitely what re- 
actions occur during firing, for the mechanism of the 
chemical erosion is not thoroughly understood owing 
to lack of data on the reactions of iron with the con- 
stituents of propellant gases a t  the temperatures and 
pressures obtained in firing. Nevertheless, a great 
deal of i~lformation has been obtained, as summarized 
in Chapter 12, which shows that chemical reactions 
have taken place. 

In the case of guns fired with double-base powders, 
oxidation, with thc formation of wiistitc (FeO), has 
been observed. In the case of those fired with single- 
base powders, penetration of carbon and nitrogen, 
with the formation in many cases of carbides and 
nitrides, has occurred. The ultimate products found 
by thern~odynalnic calculations 'agree closely with 
those found in eroded guns. 

13.4 MECHANICAL FACTOKS 

13.4.1 Powder Gases 

REMOVAL OF MATNBXAL FROM BORE 

The final stage in the process of the erosion of steel 
guns is the removal of material from th.e bore surfitce, 
whereby the bore diarnetcr. is increased. This is effcct- 
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ed largely by the strcain of powder gases propelling 
the projectile. Thus the ponfder gases not only heat 
the metal and react with i t  as described in the two 
preceding sections, but also sweep the surface. The 
rate and direction of renloval of rnaterial depends on 
many factors. 

Loose iron oxide films and such solid products as 
result from reactions within the gascs are readily re- 
moved. The ease of rcnlovd of rnctal or metallic 
products depends on whether they are liquefied a t  the 
bore-sarface temperatr~rcs. Chemically altered (Sec- 
t,ion 13.3.2) steel liquefies a t  a lower temperature 
than steel ; conlpletely liyucfied films are more mobile 
than "mushy" surface laycrs which rnay contain 
blades of cementite, as sho\vn in Figure 8 of Chapter 
12. The higher the velocity of gas, the more effcctive 
is the re~noval of material. A bag-fired gun ~nentioned 
in Section 10.5.2. affords a striking example of this 
relationship. In the chamber, .where the velocity of 
the gas m-as low, there mas much evidence of liyue- 
faction due to f;hc fact that the liquefied material had 
rcmained in place as sho~vn in Figurc 16 of Chapter 
10; \\+hereas in the borc of the gun the liquefied 
rnaterial had been removed Iny the gas flowing a t  a 
higher v e l ~ c i t y . ' ~ V l i e n  velocities are increased by 
increasing the po~vder charge, relnoval of material is 
even more edectivc because the heat input to the bore 
has been increascd and liquefaction takes place more 
readily. 

Tn general, the liquid and solid products are rnoved 
for\\-tlrd by the gas stream becausc of the strong 
shearing stress on the \\i:tlls of the tube in that direc- 
tion. This effect may be ~notlified by localized turbu- 
lent flow. Examinations of erodod guns have shown 
that  peripheral hot gases emerging from the cartridge 
cases appear to strike the bore area in a nearly radial 
direction and ecldy back\$-ard, building up in, some 
cases thick deposits of once-molten n~at,erial a t  the 
location of the mouth of the cartridge case. The inl- 
portance of the thermal factors in this area is described 
in Section 13.2.5. Thc tongues of flo\ved nlat,erial in 
the bores of guns are not :~ln-ays parallel to the bore 
axis. I n  the most severely (?roiled secttion of a gun 
showing cxaggerated muzzle erosion the tongues 
pointed somewhat fanwise forwsrd as from a local 
jet. lso 

The mechanical action of the propellant gas on the 
bore surface is aggravated by the' presence of solid 

particles in the gas stream. Some of these, such as un- 
burned powder grains and barium and potassium 
salts may be dlrcct,ly attributed to the powder itself. 
I n  addition, the gascs pick up from the eroded suriace ' 
the hard, brittle products that have been formed by 
the reaction of thc gun steel with the powder gases. 
These solid particles traveling with high vclocity in 
the gas stream presunlably exert an abrasive action 
on the surface of othcr parts of thc gun bore. 

Obsewalion of Gas Leak.age. Gas leakage is of prime 
importance as a cause of erosion only in spccial cir- 
cumstances, although the escrtping of a relatively 
small amount of gas past the rotating band of the 
projectile because of imperfect obturatiorl has been 
observed tto be common. In  connection with the bal- 
listic ineasuren~cnts with the 3-in. gun described in 
Section 4.2.2 an attempt was madc to determine the 
time of ejection of the projectile by the cutoff-of a 
heam of 1igh.t passing &cross the muzzle and foc~lsed 
on a photo cell. The photocell circuit was interrupted 
prematurely by the opaque gas 1%-hich escaped ahead 
of the projectile, as described in Section 4.3.20. Dur- 
ing the development of a gauge for measuring the 
accelerat,ion of a projectile (Section 4.6), it; was dis- 
covered that gas leakage occurrcd soon after the start 
of travel. High-speed photographs, made a t  Naval 
Proving Ground it number of years ago, of a large 
projectile emerging from the muzzle of a gun showed 
that n small amount of gas escapcs ahead of the pro- 
jectile.16 A lllethod \\-as tieveloped for photographirlg 
the gas escaping ahead of a caliber .30 bullet when i t  
was fired into an evacuated c h a ~ n b e r . ~ ~  h series of 
pictures 11-as made of the bullet at  various positions 
in the bore. d cloud of gas in advance of the bullet 
\\-as observed, but i t  was ant possible to tell 11-llether 
thc gls  leakage had occurred a t  the start of travel or 
later. 

Gas Lealiagc as a Cause of E~osion. A survey of the 
literature16 showed that some early writers considered 
gas leakage one of the dominant causes of gun erosion, 
but the same survey also revealed that this theory 
\\-as strongly contested. Most of the arguments, which 
11-qe often based on observations of eroded vent 
plugs, were only speculative. The flow of the powder 
gas in a vent plug, however, is rariically different from 
that in guns. Unless i t  can be shown that, when gas 
escapes past the projectile, i t  flows as through a vent 
the obser.\rations made on vcxt plugs should not be 



274 THE CA'USES OH GUN EKOSION 

applied to the formulation of a theory of gun erosion GAS PRESS,URE . - 
involving gas leakage. 

At present i t  is believed that the above conditions 
arc met in certain cases in which localized scoring 
of the bore surfaces of badly eroded guns takes 
place.479~"1~ Where such leakage does occur, relatively 
large qunntities of molten illeta1 are washed frosn the 
bore surface. The melting point of steel is easily 
reached because of the friction developed in the small 
passageway, as discussed in Section 5.4.4. The molten 
steel is rapidly washed away because of the very high 
velocity of the escaping gas. Thus gas leakage under 
certain conditions is an important cause of erosion 
from both a thermal and a mechanical standpoint. 

A theoretical treatment of the problem was under- 
taken which showed what critical conditions are ex- 
ceeded when gas escapes past a projectile as through 
a vent.18 The danger of gas washing, according to this 
study, is greatest a t  the start of travcl before the 
rotating band of the projectile has been engraved. 
One of the advantages of a pre-engraved projectile, 
therefore, is that a much smaller gas pressure is re- 
quired to start its movement, hence there is not as 
much opportunity for gas leakage to be effective. A 
description of some experiments with pre-engraved 
projectiles having different degrees of gas leakage is 
given in Section 31.4.2. 

Observation of Scoring.. In some small- and medium- 
caliber guns that were examined with x microscope 
local scoring of the bore surface was observed near 
the origin, of rifling.l12 The gouges produced by gas 
leakage or "blow-by" are illustrated in Figure 20 of 
Chapter 10. In some cases the channel evidently de- 
veloped by enlargement of certain cracks by the main 
atream of gas. Finally, i t  reached an optimum width 
tto act like an erosion vent. 

In  the case of large-ca.liber guns a channel for esoap- 
ing gases may be present s t  the top of the bore b(:fore 
the projectile is fired because of the effect of gravity 
on its position in the bore. This may lead to severe 
scoring of the bore surface near thc 12 o'clock position 
in the vicinity of the origin of the bore. Erosion of 
this type is especially noted in 155-mm guns.21"2S4 

Gas leakage occurs and may be a serious cause of 
erosion a t  the forward joint of brcech liners. The bore 
ahead of the liner is affect,ed by gas washing. This 
type oS failure occurs regularly in caliber '50 barrels 
containing stellite li.n,ere and is one of the factors that 
determines the life of such barrels. The practice of 
chromium plating the bore ahead of a stellite liner 
mitigates this effect but does not prevent it entirely. 

Crackir~g o j  Bore. The pressure of the powder gases 
exerts a force on tlie walls of the gun tube. This is 
discussed in connection with the theory of tube stresses 
in Chapter 26. The stress due to gas pressure does not 
contribute directly to renioving material but i t  docs 
result in cracking of the gun bore which greatly facil- 
itates erosion, as is described in Section 13.5.3. 

Bore Expansion,. 'Under ~ondit~ions of rapid fire, the 
ternpcrature of a barrel is built up with the result 
that the steel is weakened, and the barrel nlay bc 
expanded by thc gas pressure, with the resultant bad 
effccts on ballistics described in Section 5.6.4. In 
the case of barrels containing erosion-resistant liners, 
expansion in the region of the forward end of the liner 
imposes a limitation on the length, of burst. The meth- 
ods of mitigating this effect are described in Section 
24.2. 

EJect of Stress on Powder Gas E~.osion. An experi- 
ment was carried out to deterniine whether the 
stressed condition of a metal surface TI-as related to 
its erosion by powder gase~,'~+sing the apparatus 
described in Section 11.2.5. The measurements did 
not reveal any appreciable difference between the 
erosion of surfaces under tensi.on and that of surfaces 
under compression, for the conditions of this experi- 
ment. However, even though the ballistics were regu- 
lated so that only a srnall amount of erosion would 
take place, plastic flow or melting appeared to he tlie 
predominant factor in the erosion, and thus the effect 
of stress on erodibility was rendered negligible by the 
larger effect of surfacc melting. 

Hydrogen, which is an abundant constituent, of 
powder gases, rltpidly diffuses th~ough steel a t  high 
pressures. I t  is conceivable that hydrogen diffusing 
through hot stcel may react with the carbon in the 
steel to form methane, which would exert consider- 
able pressure within the steel. Thermodynamic cal- 
culations were made in order to ,determine if methane 
pressures could be a contributing factor in gun ero- 
sion.dY From a general relation 'between the pressures 
of the gases and the free energy change of the re- 
actions, it wa,s f onnd that, if t,he gas in con tact rvihll 
the steel under a total pressure of 1,000 atm contained 
1.0% of hydrogen, bubbles of methane a t  a pressure 
in excess of 10,000 atln could form ~\-ith.in the steel ii 
the temperature were not more than 61.0 C. There is 
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no direct evidence, howeve]:, to suggcst that such a 
process contributes to erosion. 

13.4.2 Proj ecrile 

BAND ~ ' R ~ ~ ~ S ~ R E  AND ENGRAVING STRESSES 

The rotating band of the projectile exerts pressure 
on the gun t>ube as it; rnoves tthrough the bore. The 
stress exerted on the tube and the resulting deforrna- 
tion is greatest in the vicinity of the origin o! rifling 
because of the force neccsssry to engrave the band.-422 
Thc band pressure decreases toward the muzzle due 
to both \\-ear and fusion of the band. This fact makes 
the dcsign of tho rotating band an important factor 
in thc erosion of the gun that fires it.":{ When projec- 
tiles l.)c:come tipped in the bore, so thbt engraving of 
the body takes place as described in Section 10.4.10, 
thc crosion of tho bore is asymmetric :md extends to 
the muzzle, where it  ]nay bc greater tthan elselvhere in 
the bore. 

The study of the stress-strain relationships during 
the process of engraving, which is discusser1 in Section 
7.3.5, led to the conclusion that the doniinant stress 
in engraving is radial compressio~i. Shearing ) 111 . a ra- 
dial direction takes place a t  the edges of  the lands. 
Thc greatest delormation usual$ occurs along the 
driving edges of thc lands because of the force neces- 
sary to impart spin to the projectile. Once the rotmat- 
ing btmd has bccn engravetl, the band pressure is 
depcndent on thc size of po\\-der charge, sincc band 
wear has been shou-n to decrease with the velocity of 
the projcct,ile (Section 7.4.1). 

The radial pressure bet\\-(?en projectile band and 
bo~be produces fric,tion which results in adding hest t,o 
the bore, as clcscribed in Section 5.2.2, arid in abra- 
sion. The ab~asion, it  should be ren~emberecl, is not; 
that of so~bit~ic s1;eel but of the therillfilly and chem- 
ically sltcrcd steel s t  the. bore surface. This material 
is not rcsistant to mechanicftl shock because: even 
though it  is hard, it is brittk. After beconling hestecl 
in ra,picl-fire guns, ho\\-e~cr, the bore surface is soft 
ant1 ductile; and su-aging, as described in the next 
subsection, assuilit.:s more ilrlportance than abrasi.on. 
Loose material, such as oxide films, presumably are 
easily abraded from thc bore surEac!e. 

The abrasive cfiect can be minimized by decreasing 
the radial load, as discussed i r ~  Scctiorrs 27.3 srtd 27.4. 

In particular, when. pre-engraved projectiles are ern- 
ployed, erosion is markedly decreased, as is t~rought 
out in Section 31.4.3. 

Reduction of the coefficient of friction between thc 
projectile and the bore by lubrication has little effect 
on the abrasion as long as conventional engraving- 
type projectiles are used. When the radial load is 
reduced, horn-ever, further irnproveunent ean be made 
by reducing the coefficient of friction between the 
projectile and the bore surface. Thus Parco-Lubrising 
pre-engraved caliber .50 pr~jcct~iles decreased thc ero- 
sion of the lands, as shown in Figure 1.1 of Chapter 31. 

Careful microscope, boroscopr, ~ ~ n d  star gauge cx- 
anlinations of chromium-plated liners which wr:rc 
tested by firing in caliber .50 rn:~chinc-gun barrels 
showed how the cracked chromi~lm \\-as removed 1)y 
the swaging action of the bullets on the steel beneath 
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erosion simply because of the increased surface for 
reaction. The longitudinal cracks act as channelways 
for the streaming gases and may become enlarged 
to the extent that localized gas leakage and resultant 
scoring may develop, as described in Section 13.4.1. 

Ch,romium-Platcd Bore Surface. Cracking of the 
chromium plate is the underlying cause of failure in 
plated g~ns ,~0J%s  discussed a t  length in Section 
20.2.1. Chromium under gun firing conditions is inert 
to chemical attack. A continllous coating of this 
metal protects steel barrels from chemical reaction 
with the powder gases although it does not, unless 
thick enough, as mentioned in Section 13.2.3, prevent, 
thermal alteration of the steel. When the chronlium 
plate is cracked due to  firing stresses, however, the 
powder gases have access to the underlying steel and 
chemical reactions take place, especially if the steel 
is in the austenitic condition a t  the time.124 The 
steel is eroded from beneath the chromium plate, and 
the latter, so undermined, is easily removed. 

from alteration of the bore surface affect the stress- 
strain relationships in the surface layer. The volume 
increase accompanying the inversion to austenite n2as 
calcl~lated from x-ray data on eroded gun surfaces to 
be three per cent." The resulting compressive stresses 
probably cause plastic deformation rather than crat:k- 
ing. Quench-cracking, however, may result when the 
bulk of the austenite is transformed to a brittle mar- 
tensitic layer during the rapid cooling by the mass of 
t,he gun steel beneath it.I2+ In  the case of si.ngle-shot 
guns, this type of layer is present before each succes- 
sivc round. It is harder but less ductile than either 
austenite or the originally sorbitic steel and conse- 
quently is more readily fractured by the impact of the 
projectile. 

The thin, complex, outer IV-bite layer, discussed a t  
length in Chapter 12, is partially liquefied during 
firing. I t  consists of materials only slightly subjectto 
transformation stresses. On cooling it is brittle and 
tension cracks form i.n i t  11-hich are closelyin line with 
the cracks in the steel which the liquefied material 
bas covered. l2  

The evidence which follows seems to show that,  
Pitting of the bore surface occasionally results even though the thermal and transfornlation stresses 

when cracks intersect and small blocks of metal are may be of prime importance, heat alone is insufficient 
torn away. A serious type of bore damage which, for- tn cause the type of cracking referred to as ."heat 
tunately is not common to all types of guns is shear- checking." 
ing of the lands. In some badly strained guns, cracks 
which start a t  the groove fillets may curve under the 

,s OF THE SHOCK By 
lands from botth sides and eventually meet, \\-here- BOMBARDMENT 
upon whole sections of lands may be 

A study of the effects of thermal shock was made 
13.5.3 Causes of Crackinge by subjecting gun steel specimens to electron bom- 

During the firing of a gun, the differentially con- 
fined bore surface is subjected to volume changes due 
to rapid heating and cooling and to the thermal 
transformation of steel (Section 13.2.3). The resulting 
strains set up in the surface layer may be relieved by 
cracking. The term "heat checking" has been em- 
ployedl"o describe the fine crack system seen in the 
portions of eroded gun bores where no more than in- 
cipient melting of the surface has taken place, since 
thermally induced stresses would be expected to cause 
this type of shallorv cracking. 

Not only the volume changes mentioned above but 

bardnlent in the presence of the inert gas argon, ac- 
cording to the procedure described in Section 11.3.2.104 
Additional experimentation was carried out with ni- 
trogen or carbon monoxide substituted for argon. 
Metsllographic exa~nination sho~ved that thermal al- 
teration had taken place; furthermore, analysis by 
electron diffraction showed that austenite was pres- 
ent in addition to ferrite.ln Cracking had occurred 
only on specimens that had been bombarded in nitro- 
gen, but in no case was the crack pattern iden.tica1 
with that observed on eroded gun bores. This evidence 
shon~s that '<heat checking" is not a characteristic 
effect of thermal shock alone. 

also the change in mechanical properties resulting CAUSES OF CRACKING OF TEST SPECIMENS 
a T h e  study of the problem of cracking in gun tubes as man- 

ufactured during world war 11 undertaken by War A testing method was devised in order to determine 
Metallurgy Committee (Division 18, NDBC).'"J the resistance of metals to cracking.5', The polished 









PART IV 

EROSIVE ACTION OF PROPELLANTS 

I werc better to be eaten t,o death nit,h a rust 
than scoured to nothing with perpetual motion. 

-'Williant Shakespeare 
"King Henry IV" 





Chaprer 14 

EFFECTS OF CONSTITUENTS OF THE POWDER GASES ON GUN STEEL 
By IV: D. Urry; 

14.1 LLNTRODU‘CTION 

T HE INPEBTIG-~TIONS described in this chapter 
J\-ere largely complementary to the general study 

of the nature of eroded bore surfaces, described in 
Part III, but ~crc intended at the same time to serve 
a further purpose. It TKS hoped that they would eh- 
citlate the particular role that each of the components 
of a propellant gas, treated individually insofar as 

feasible, might, play in erosion or in the production of 
conditions favoring erosion by a more general mech- 
anism. It was even considered at the outset quite 
possible that such studies would indicate the manner 
in which the composition of’ propellants then in use 
might be modified, perhaps only in a minor respect, 
in order to mitigate erosion. 

The investigations have not demonstrated that the 
erosion of st,cel guns can be startlingly diminished by 
a practical modification of the present powders. In- 
stead they have contributed to the evidence already 
presented in Chapt,er 12 that carburization, oxida- 
tion, nitriding, reactions of sulfur gases, or possibly 
the direct removal of iron BS a volatile compound like 
iron carbonyl, present almost insurmountable diffi- 
culties if a steel bore surface is to be cdnsidered, es- 
pecially under t#he conditions of the upswing in bullis- 
tic lcvcl demanded by modern artillery practice. 

The above reactions have been careflllly studied 
under ordnance conditions or in experiments under 

laboratory conditions simulating one or more of the 
conditions pertaining to a gun. The experiments may 
l.)e divided into two general groups in another sense. 
In the one group the individual constituents of a 
powder gas were used ; in the other the powder gases 
were employed collectively while studying the role of 
one particular constituent, or element. Only in the 

latter case, of course, can there be true ordnance con- 
ditions. 

The constituents of the powder gases that have 
been studied in, rclstion to reactions with gun steel 
include carbon monoxide and carbon dioxide, nitro- 
gen, hydrogen, and hydrogen sulfide, some of these 

~“.lr- 

gases ha,ving been invcstipated individually, others 
in variolls combinations. In other experiments em- 
phasis was placed on a particular element, such as 

carbon, nj trogen or sulfur, while the gases were pres- 
ent collectively, being obtained from a standard pro- 
pellant. In this case the minor constituents such as 
incthane and ammonia were present as well as water 
vapor, which was not otherwise investigated. Black 
powder, used -with the primer, may constitute no 
negligible fraction of a gun charge. Except in small 
arms, the sulfkr in the black powder is the chiel 
source of the sulfur gases and therefore a study of the 
reactions Gth t#he sulfur gases introduced the ques- 
tion of t,he effects of the other constituents of black 
powder, namely, potassium nitrate and charcoal, to 
which some attention was given. 

The chemical factors in the oauses of gun erosion 
and their interrelation with other factors are sum- 
marized in Chapter 13. A great many of the conclu- 
sions concerning them were derived from or strength- 
cried by t,he results of’ the above experiments. A gen- 
eral review of th.e results of these investigations in- 
dicates th:lt many of the undesirable features of the 
reaction of the powder gases with gun steel can be 
attributed to the presence of the carbon gases, con- 
cerning which little can be done beyond an attempt 
to adjust their proportions or otherwise attain certain 
conditions of balance bekeen carburizing and oxidiz- 
ing states. Nitrogen, perhaps present as the activat,ed 
molecule or as ammonia, plays its role by forming 
nitrides. It js difficult to imagine its removal from the 
propellant. Tnvcstigation of t,he part played by hy- 
drogen is very incomplete. The effects of water vapor, 
as an individual constituent, of the poTI-dcr gas, have 
never been studied. There is indirect evidence that 
its role may bc subsidiary because the erosion of vent 
plugs by artificial gas mixtures free from water vapor 
is the same order of magnitude as that caused by 
powder gases derived frorn st,andard propellants. 
Sulfur clefinitcly increases erosion, probably in all 
cases except where direct melting of the steel is occur- 
ring. The exact mechanism 1vhcreb.y the presence of 
a few tenths of one per cent of hydrogen sulfide can 
contribute appreciably to the erosion is not com- 

pletely understood but experiments in three lnbo~~- 
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tories show that the elimination of sulfur, largely 
present in the black powder, lessens the erosion. 

Many of the reactions studied, and also the reac- 
tion velocities, are strongly favored by increasing the 
temperature, and insofar as any of these reactions 
may bear some quantitative relation to the erosion 
that it causes, either directly or indirectly, the sub- 
stitution of cooler propellants is worthy of consider- 
ation. However, there are some reactions, like the 
formation of iron nitrides and the oxides Fe304 and 
Fez03, and possibly the production of iron carbonyl, 
that are strongly favored by lowered temperature. 
Nevertheless, thc substitution of new propellants of 
lowcr flame temperature but with unimpaired im- 
petus, for example, the cool albanite and RDX pow- 
ders,bhould lead to a mitigation of erosion. Studies 
of the erosivencss of some of the RDX powders are 
described in Chapter 15. The slight modification of 
the older, standard propellant is discussed further in 
Section 15.6. 

REACTION' OF CARBON G.ASES WITH 
GUN ST:E:EL 

14.2.1 Introduction 

Penetration of carbon into the bore surface of guns 
in both the sense of the formation of carbon com- 
pounds and the penetration of the steel may be a 
factor in erosion. The melting point of the surface 
material may be lowered from 1450 C to 1135 C by 
the presence of *4.3y0 of carbon, as shown in Section 
13.3.2. In  some experiments with a ride barrel this 
amount of carbon was exceeded in nearly all cases 
close to the surface and near the origin of 

Previous carbon a n a l y s e ~ ~ ~ ~ ~ ~ ~  are inadequate and 
interpretation is complicated by the use of completely 
eroded barrels in which the added carbon may be 
solely contained in carbonaceous material filling the 
cxtcnsive fissure system, as described in Section 
12.4.1, and coating the bore surface. In order to pur- 
sue the problem further, i t  was deemed necessary to 
develop a technique whcrewith the presence of pro- 
pellant carbon i n  layers measured in fractions of 
microns could be detected and measured. I t  was felt 
that attention should be confined mainly to the effect 
of a single round in an unproofed barrel. 

Cnlculations of the probable bore-surface temper- 
ature of a caliber .30 barrel indicated that the trans- 

Described in Chapter 6 of Volume I., Division 8. 

ition of the iron from the alpha to the gamma phase 
does not take place when fired single-shot with the 
barrel a t  ambient temperatures. Therefore any exten- 
sive penetration of carbon into the steel is unlikely. 
In guns of larger bore this transition docs occur, as is 
brought out in Section 13.2.3. Calculations showed 
that temperatures, and to some extent, the significant 
t#iimes involved, pertaining to guns up to 90-mm bore, 
could be simulated in suitably preheated caliber .30 
barrels. 

14.2.2 Summary of Recent Results 

Experiments with preheated caliber .30 barrels 
showed that carbon from propellant gases can pene- 
trate the bore surface of a gun to a marked degree in 
two senses. At the immediate surface there are carbon 
compounds of iron and possibly other elements f01.m- 
ed. Below these surface layers carbon penetrates into 
the steel. These characteristics were found even after 
firing a single round in unproofed preheated caliber 
.30 barrels. 

Carbon Compvur~ds. The average content of pro- 
pellant carbon in the reaction products is essentially 
independent of the bore-surface temperature and of 
the number of rounds. The distribution of' the pro- 
pellant carbon within this layer is affected by the 
bore-surface temperature, for example, the carbon 
content of the part of the layer nearest the surface 
decreases with increasing bore-surface temperature. 
A particular feature within the layer of reaction prod- 
ucts is the universal occurrence, in these experiments, 
of a subsurface layer containing morc propellant car- 
bon than a layer nearer to the surface that is often 
almost devoid of carbon. This is in accord with the 
lamellar structure of the layer of reaction products 
described below and the bottom of this buried, car- 
bon-rich layer seems to define the boundary Lctwecn 
reaction products and steel. 

The thickness of the layer of reaction products, for 
a single round, is almost independent of the bore- 
surface temperature, particularly near the origin of 
rifling. The thickness of this layer was increased ap- 
preciably by firing more rounds. 

A change of propellant causes an important change 
in the carbon content of the reaction products. A cool 
RDX powder yielded reaction products that con- 
tained much less carbon than the products from IMR 
powder a t  thc same bore-surface temperature. The 
products with a hot, double-base powder contained 
very little carbon near. the origin of rifling but a con- 
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siderable amount, although a t  a very shallow depth, 
towards the muzzle, by comparison with TMR pow- 
der. The average content of propellant carbon and 
original carbon in any of the tests could produce a t  
the most 30% of cementite in the layer of reaction 
products, and the introduction of carbon is therefore 
not the sole cause of the chemical alteration of the 
bore surface; in fact, mith double-base pomder i t  ap- 
pears to be but a very minor cause. 

Penetration into the Sleel. There is very little pen- 
etration of -carbon into the steel below a peak bore- 
surface temperature of about 900 C. Above this tem- 
perature the depth of penetration increases rapidly 
and the total amount of carbon that has penetrated 
increases uniformly with increasing temperature. In 
the caliber .30 barrel there was no evidence of pen- 
etration into the steel beyond 20 calibers forward of 
the origin of rifling. 

A change of propellant apparently causes no change 
in the depth of penetration provided the CO/C02 
ratio in the powder gases is a carburizing one. If the 
CO/C02 ratio is an oxidizing one and the bore-surface 
temperatures are high, which is the case with FNH- 
M2 pomder, there is no penetration of propellant 
carbon into the steel. The dependence of CO/CO? on 
temperature and on composition of powder is dis- 
cussed in Sections 2.3.4 and 13.3.3. 

Relation to Commercial Carburizing. It is very diffi- 
cult to draw any parallels bet~vecn carburization 
phenomena in a gun barrel and observations concern- 
ing carburizat,i~n of steels. The difficulties are man- 
ifold : firstly, a lack of understanding of the phenom- 
ena in the immediate surface layer of a steel under- 
going commercial carburization ; secondly, the violent 
fluctuations in a gun of all the variables that control 
carburization. Nevertheless, the initial slopes of the 
carbon depth curves just below the interface between 
reaction products and steel give diffusion coefficients 
comparable with values reported in the literature. 
Carburizing temperatures corresponding to these dif- 
fusion coefficients are in reasonable agreement mith 
the theoretical bore-surface temperatures. 

Nah~1.e of Reaction, Products. The nature of the 
reaction products, conc,erning which the use of' the 
method to determine carbon, content offered no clue, 
was studied by electron and x-ray diffractic~n.~" The 
cementite (Fe3C) formed by the firing of TMR poi\-- 
dcr was separated into a layer removable with nital 
(5% FIN03 in al.coho1) and a film that adhered to the 
steel. A very thin film on the surface of the reaction 
products contained magnetite (FenOd). In a qudita- 

tive manner, this analysis and the order in which the 
compounds appear correspond well with thc distribu- 
tion of carbon in the layer of reaction products. 

The cause of the separation of cementite into two 
parts, the one removable, the other adherent, appears 
to be the presence of a noncarbon compound separat- 
ing the t\v~.o zones. Evidence for the existence of this 
separating film is found in the carbon penetration 
curves. In  other work" on the nature of the reaction 
products on blocks of steel exposed to the gases from 
n single-base powder, the nature of the compounds 
and the order of their 0ct:urrence were the same ex- 
cept that in this case thcre was evidence for the for- 
mation of a thin film of a complex cyanide. The cover- 
ing of magnetite ~vas  particularly a feature of highly 
heated blocks ; a decrease in the carbon content of the 
immediate surface with increasing initial temperature 
of the preheated barrels is indicative of the formation 
of increasing amounts of a noncarbon compound. 
Carbon penetration curves for the hottest barrels 
suggest some decarburization following carburization. 
It is possible that a complex cyanide is momentarily 
formed but that most of this is lost by oxidation to 
magnetite. The surface carbon content is high enough 
in the cold barrel to permit the presence of a cyanide 
but the nature of the products was not studied. 

14.2,s Experimental Determination of 

Carbon Penetration99 
METHOD 

All the carbon components of a pomder gas in the 
act of propelling a projectile under standard ordnance 
conditions were tagged with radioactive carbon. The 
barrel was cut up into short lengths after firing and 
the result,ing tubes were mounted in turn to form 
the hollo~v-cylindrical cathode of a Geiger-Mueller 
counter, described in Section 11.5.5. This is an sppa- 
ratus that measures the passage of any radioactive 
ray traversing the cylindrical space, in particular the 
beta-ra,ys emitted from radiocarbon in the surface of 
the cathode. 

Thin layers of the bore surface were removed suc- 
ces$ively by electropolishing for short periods.22 The 
thickness of the layer so removed, controllable from 
0.2 micron upwards, was determined by analyzing 
the elcctrop~lishing solution for iron.'l l3y alternately 
elcctrop~lishing and measuring the activity of the 
remaining radiocarbon, the content of propellant car- 
bon in the successive layers was indexed by the fall in 
ac tivit'y.. 
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With respect to radioactivity techniques a novel 
feature of this method is the very eficient use of the 
specimen, the bore surface, by making i t  a part of the 
counter itself. A novel feature as far as analysis is 
concerned is th&t preservation of the "cut" for carbon 
analysis is unnecessary. 

Investigation \vas confined to chromium-molybde- 
num WD 4150 steel as specified by the U. S. Army 
for caliber .30 barrels. A special mount for the caliber 
.30 assembly ~a-a.s necessary in order to fire from ini- 
tial tcrnperatures up to 700 C. The barrels were pre- 
heated by a coil of Nichrome wire mound directly 
onto a barrel and the bore surface was protected dur- 
ing the preheat period by the passage of nitrogen 
especially purified to remove oxygen. (See Figure 15 
in Chapter ].I. .) 

Experiments \\,ere performed that showed : 
1. That the dissociation of the barium carbonate 

carrying the radiocarbon in the charge was complete. 
a iocar- 2. That there mas equipartition of this r d' 

bon bctmeen the carbon monoxide and dioxide so that 
i t  was immaterial whether carburization and forma- 
tion of reaction products proceeded from one or the 
other." (Tkis phase of the work has been cliscussed in 
Section 2.3.5.) 

3. That the normal "ballistic level" (muzzle ve- 
locity and maximum pressure) is unaffected by the 
addition of 10 to 30 mg of barium radiocalhbonate. 

4. Tha,t the various experiments were conducted 
a t  the same ballistic level for IMR, powder and a t  as 
nesrly the same as possible for FNH-M2 and. RDX 
powders. 

The results must be interprctcd in the light of the 
following limitations : 

1. Measurelnents mere made on surfaces \v-hioh 
extended ovcr a 2-in. (0.7 calibers) length of barrel. 
Consequently areal differences in carbon content 
were averaged out to this extent. Apart from longi- 
tudinal variations a very real difference be.t\vccn l ~ ~ n d s  
:ind groovcs \\-as indicated. 

2. Carbon concentra~ions and depths mere calcu- 
lated on the basis of the weight fraction of iron in the 

by more than a factor of 1.2. The depth is corrcspond- 
ingly too shallow. 

3. The radiocarbon measures only the presence of 
carbon acquired from the propellant gases. If therc is 
no exchange, that is, sirnultaneous carburization and 
decarburization, the total carbon content is given by 
adding the original carbon (nominally 0.5%) to the 
amount measured by the tracer and prcsented in the 
graphs. 

4. Smooth Furves are plotted but actually '(cuts" 
of finite thickness were taken. While a sudden change 
in the carbon contellt of a very thin layer will show 
in the analysis, i t  may not be in true perspective. 

5. The abnormttl distribution of initial ternpera- 
ture extended that length of bore surface forward of 
the origin of rifling which was mornentilrily raised to 
about thc same peak temperature. Carburization ap- 
peared to extend further towards the  nuzzle than i t  
probably docs in actua.1 practice. 

The importance of the borc-surface temperatures 
with particular reference to thc temperature of the 
alpha-gamma transition as controlling carbon pene- 
tration has alrcady been men t i~ned .~  This tempera- 
ture is roughly 750 C although there is abundant 
evidence that a considerably higher t,elnperature is 
necessary to form an altered layer in guns, probably 
because of the ultra-short times." C~arbon penetra- 
tion was also found to cease far short of the 750 C 
isotherm below the surface. 

The instantaneous bore-surface temperatures can 
a t  present be obtained only from theoretical consider- 
ations by the methods described in Section 5.4.1. A 
few results of a large number of such calculations, 
including temperatures a t  depth, having a bearing 011 
the problem of carburiaation are presented here. Pig- 
ure 1 illustrates the extent to which a preheated cal- 
iber .30 barrel simulates the temperature-time rela- 
tions in a 3-in. gun. Th.e maximum peak temperature 
reached in the caliber .30 barrel starting a t  27 C is 
computed to be about 630 C and obviously tbe part 
played by caabon in thc erosion of calil-)er .30 rifle 
barrels in normal usage must be negligible; in fact, 
there is no erosion problem. 

The bore-surface temper~ttures for fourh firing tests 
with a preheated caliber .30 barrel used to determine 

steel. Consequentljr, in that portion of a carbon-dcpth 
 the formation of reaction products on thc surlnce is con- 

curve representing reaction  product,^, tile can.bnn con- trolled by other ternr,eraturc considerations nol; 
tent is probably higher thitn the truc value, )nut not with thistransition, as cliscussccl in Sect~on 13.3.3. 
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3-IN. M3 MILLISECONDS 

P~orrarn 1. A comparison of the calculated borc-siirface 
temperatures rleltr the origin of rifling For a 3-in. AA 
gun, M3 ancl n preheated caliber .30 rifle. Curve A- 
3-in. gun initially at  200 C, e.g., after rapid f i e ;  Curve 
B-3-in. gun irritially a t  ambient tempcrat,ure; Curve C 
-caliber. .30 rifle, J11903hl prehcat,ccl to 450 C. (This 
figure was based on Figure 9 of NDRC Report No. 
AI-27.) 

MILL ISECONDS 

F T G U H ~  2. A comparison of bore-surface temperatures 
near the origin of rifling for a $-in. AA gun, h 3  ancl pre- 
heated caliber .:30 barrels used in various tests for carbon 
penclration. Curve A-thc 21st round of a burst in 3. 
3-in. gun \zdt,h NH-MI powder a t  2,750 fps and 20 
rounds per minuts; Curve B-the first round of the 
b u s t  in the 3-in. gun; Curves C-caliber .30 barrels at, 
various initial temperatures. (This figui.c uppcared tts 
Figure 11 i-n XDR.C Report Ko. A-427.) 

carbon penetration arc compared in Figurc 2 with 
those for a 3-in. gun at  the beginning ancl end of a 
burst.lo6 Figure 3 sho~vs the increase in bore-surface 
temperature due to a change of propellant from IMR 
to FNR-M2 in one of the firing tcsts. Figure 41. shon-s 
that the carbon penetration \\.it11 a cool R D S  po~~ider 
and the hotter IMR po~\-der~ can be compared ~ ~ d l e n  

the lomcr  is fired a t  higher initial temperature Lo 
compensatc for its lower flame ternpeihattmbe. On firing 
a t  the same initial temperature, the RDX powder 
n-ould produce lower. bore-surface te~nperat~ures and 
carburization mould be lessened. 

The decrease in carburjzation to be expcct,ed in a 
90-nim gun by substituting a cool BDX pol\-dcr lor 
NU-MI propellant on the basis of these experiments 
\\-as investigated. It was estimated that the total 
depth ol' penetration and the total amount of carbon 
entering the bore surface might be I-educed by a t  
least 50%. The layer of reaction products would con- 
tain less caa.bon, but its t,hickncss would apparently 
be about thc ssnlc as wit11 NH-M1 propellant,. 

1000 - 

8 0 0  , - 
- - FNH-M2 -- I M R  - 
7 

0.5 1.0 
M I L L I S E C O N D S  

FIGURE 3. 12 comparisoxl of l)ot.e-su~.li~ce ('e~nperatures 
ncar the origin of rifling in >I, prclict~tcd calibcr .30 rifle 
for single-base (IRIlt) itnd double-base (FKH-M2) 
l>ropellanl.s. The nlutzle velocity \\-as 2,685 fps in each 
casc. (This figure was based on Figui,c 12 of TDR.C 
lteport No. A-427.) 

I I I I I I ~ I ~ ~ I  
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RDX - CCI  - - - - I M R  
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0 . 5  1 .O 

M I L L I S E C O N D S  

FIGURF, 4. The si~nilarit~y in the tempelaLu~.e-1;irne rela- 
tiolls of the bore surface near the origin oC rifling in t,\z-o 
firing tesls, onc with an lMXZ polvdel,, the obher 11-ith an 
1IL)X-CCl powder fired at; a highcr initial tempcraturc 
I;o cornpensah? for its lower flame temperature. (This 
figure itppcsred as Figure 15 In Ki3R.C Rcport No. 
-4-427.) 
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14.2.5 Carbon Penetrationg~ 

Measurements of carbon penetration into a caliber 
.30 barrel initially a t  room temperature exhibited 
little more than a veneer of reaction products close to 
the origin of rifling, although an extremely thin film 
in the immediate surface had the very high carbon 

INCHES FORWARD OF 
ORIGIN OF RIFLING 

DEPTH I N  M I C R O N S  

FIGURE 5. The penetration of carbon lrom propellant 
gases deriver1 from a single-base powder (IMR), into the 
borc wall of a preheated, unproofed caliber .30 stccl rifle 
barrel. The inset (upper right) shows the initial tem- 
perature of t,hc barrel a t  different places along its axis 
and the positions of the specimens. In  this figure, and in 
Figure 6, the curves are actually continuous but t,he 
scalc for carbon content has becn cnlarged a t  an arbi- 
trary depth. The dashed curve for section A shows the 
small carbon contcnt of the reaction products and lack 
of any penetration with a double-base propellant (FNH- 
M2) in another barrel (sec Figure 3). 

content of 19.3%, indicating possibly a complex cy:+n- 
ide. A typical example of the carbon penetration 
close to the- origin of rifling from firing a single round 
of IMR powder is to be seen in Figure 5. Carbon pen- 
etration was always investigated in two further sec- 
tions extending to 11 in. forward of the origin of 
rifling but the penetration was always negligible, 
being less than lp deep and showing none of the 
peculiarities that occur near the origin of rifling. Thus 
extensive carbon penetration occurs only in the region 
of severest erosion. 

The total dcpth of carbon penetration increases 
with increasing tcmperature of the bore surface. The 
thickness of the layer of reaction products, however, 
remains nearly the samc for a single round. The con- 
tent of propellant carbon in thc immediate surface 
decreased from 19.3 to 3.7% in four. firings in which 
the initial temperature was increased from 25 to 
565 C. 

The firing of ten rounds using IMR powder w-i,th 
radiocarbon in each round caused a considerable 
thickening of the layer of reaction products, particu- 
larly a t  a point about 3 calibers forward of the origin 
of rifling; but the depth of penetration into the steel 
beneath was the same as for a single round. It appears 
that a given c,arbon-depth relation is re-est:lmblished 
with each round, as might be expected if penetration 
is chiefly a function of the temperature-time relations 
during firing. While thc depth of penetration into the 
steel was unchanged, the propellant carbon content 
was increased in the surface of the steel below the 
reaction products from 0.2 to 1.9%. 

The principal carbon penetration experiments were 
conducted w-ith, a single-base powder of the IMR 
type. The examination of bore surface materials de- 
scribed in Chapter 12, however, had indi,cated that in 
the case of Service guns the type of powder caused a 
difference in the chemical nature of the erosion prod- 
uct, cementite (FesC) being associated with the firing 
of single-base powder and wiistite (Feu) with double- 
base. 

Furtherm,ore, thermodynamic calculationsG0 (Sec- 
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tion 12.2.4) indicate that for the bore-surface tcm- 
peratures shown in Figure 3 and the CO/C02 ratio 
in the gases from a double-base powder, FeO would 
be the ultimate reaction product. Similar calculations 
for IMR powder give cementite as the equilibrium 
product. On the expectation that there might be a 
difference in the degree and extent of the carbon pen- 
etration between firings with single- and double-base 
propellants, experiments were conducted mith both 
FNH-M2 and RDX po\\rders. 

FNII-M2 Powder. A portion of the results obtained 
in the experiment mith FNH-M2 powder are given in 
Figure 5 for the region near thc origin of rifling. h 
search for carbon to a depth of 8p revealed none 
beyond 111. Thus carbon plays an insignificant role 
it1 the reaction products remaining on the surface 
with FNEI-M2 powder and fails t,o penc-trate the steel 
a t  all. 

RDX Powder. This pomder had the same nominal 
colnposition as that used in one of the erosion tests 
a t  the Franklin Institute, It caused negligible erosion 
,nndcr certain conditions described in Tt~ble 3 of 
Chapter 15. The bore-surface temperature and the 
CO/C02 ratio are such. that chemical thermodynam- 

ics would predict a car1)usizin.g action. In Figure 6, 
where a coniparison of the carbon penetration is 
made between IMR and RDX powders for the. same 
bore-surface temperature (see Figure 4), it can be 
seen that the depths of penetration are the same, 
a1l;liough the average content of propellant carbon ,in 
the layer of reaction products with RDX pomder is 
only about one-half of that mith IMR powder. Other 
reaction products not containing csrboll are presum- 
ably present to a greater extent with the cool RDX 
po\\-der than with IMR powder. This is in accord 
with the identification of iron nitride (listcd in Ta,ble 
12 of Chapter 15) on the bore surface of a stecl barrel 
that had been fired with t,his pomder in the caliber 
.50 erosion-testing gun,lX as described in Section 
15.3.4. 

i4*3 RI1:ACTIO.N OF CARBON MONOXIDE 
WITFI GUN STEEL . 

The possibility that the fornlation of carbonyls of 
iron might play s role in gun erosion has been care- 

0 I 2 3 4 0 I 2 3 4 0 ! 
D E P T H  I N  M I C R O N S  

FIGURE 6. The penetration of carbon fron1 propellant gases derived from RDX-CC1 powrlc~* into the bore wall of a 
prchcat,ed, unprooicd caliber .30 steel rifle bbarrcl. These curves are compared with those for the hot,tcr IMR powder at, 
loner initial temperature but, same bore-surface tenlperat,urcs (see Figure 4). The inset (upper riiht) shows the initial 
l;cmpcraturcs of the barrels and the posit,ions of the specimens. (This figure appeared as Figure 30 in NnRC Reporl; 
No. A-427.) 
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fully s t ~ d i e d . ' " ~ ' , ~  So far only laboratory experi- 
ments have been performed. Although a positive 
identification of a volatile carbonyl under exact ord- 
nance conditions has not been obtained, the work is 
being continued%ith this ultimate end in mind. The 
preliminary studies that can be reported h e x  fall into 
two groups : measurement of .the wight  losses of ero- 
sion vent plugs subjected to gases resulting from ex- 
plosions of carbon monoxide-oxygen mixtures and 
t,he recovery and identification of volatile iron com- 
pounds. 

Explosion of the above mixtures produced a mix- 
ture of carbon monoxide and dioxide with a small 
amount of free oxygen duc to the dissociation of car- 
bon dioxide. In  addition to these gases there wcre 
present in the eroding gas mixture the impurities in 
the original carbon monoxide in either a free or com- 
bined state. These consisted of 4 to 5% of nitrogen 
and 2 to 3% of hydrogen. Especial care was taken to 
remove the iron carbonyl prevalent in commercial 
tanks of carbon, monoxide. An increase in the oxygen 
content increased the flame temperature and changed 
tthe coinposition of the eroding gases but; the explo- 
sion could be modified by the simultar~cous addition 
of carbon dioxide to rctain the same composition 
while lowering the flame temperature by any desired 
amount. 

i4.s.z Surninary of Results 

The erosion of vent plugs made of gun steel with a 
+&-in. bore diameter was found to be strongly depen- 
dent on the flame tempera,ture of eroding gases pro- 
duced by carbon monoxide-oxygen explosions. The 
erosion showed little if any dependence on the 
CO/C02 ratio in the eroding gases. The magnitude of 
the weight losses and the laclr of any dependence on 
this ratio indicates that the steel pcr se was nlelted 
under these experirr~ental conditions, exccpt possibly 
a t  the 1o.west flame temperature. The CO/COz ratios 
and the character of the reaction products seem to 
correspond to the conditions for a double-base pro- 
pellant containing 20% or more of nitroglycerin. 

The addition of small amounts of hydrogen sulfide 

carbonyl and increase in erosion might have bcen 
caused by the grcater prodllction of this volatile 
compound; 'but there aae other equally feasible ex- 
planations. 

Iron carbonyl could not be detected in the gases 
collected after passage through vent plugs. I n e n  the 
bore-surface area was increased by substituting cal- 
iber .30 barrels for the vent plugs, iron carbonyl \Ifas 
detected to the extent of a, few tenths of 1 per cent of 
the total iron deposits formed during the explosion 
of the coolest gas mixture or a solid propellant. The 
major portion of the iron occurred in iron-bearing 
deposits in a muzzle tube designed to collect the gases 
and as a solid unknown material in the cold trap used 
to condcnse any volatile iron compound. The anlount,s 
of iron measured as carbonyl werc insignificant, but 
i t  is plausible to assume that a large fraction \\.as 
decomposed either before i t  could leave the ba.rr.el or 
in the muzzle tube. So far, it has not been possible to 
identify these deposits, in part or in 1%-hole, with the 
deconlposition products of iron ~ent~acarbonyl. 

The apparatus was identical in principle with that, 
uscd to study erosion in vent plugs fired 1vi1;l.l propel- 
lants shown in Figure 5 of Chapter 11. The vent plugs 
were %-in. long with :L %-in. bore diameter. They 
were madc of SAE 4140 si;eel obtained from a liner 
for u 5-in./25-ca,l. gun. Tl-le bursting pressure of the 
rupture disk was 25,500 psi ~~-hich  corresponds to the 
maximum partial pressure of carbon monoxide and 
dioxide in guns. 

Figure 7 shows that the erosion weight losses are 
very st,rongly dependent on the fiarne temperat1li.e of 
the gases. Figure 8 shows that there is little if any 
dependence on the (CO + Oz)/CO2 ratioc except 
whcn the C02 greatly exceeds the CO.' It is concludetl 
that erosion, under ttb.e conditions of these vent plug 

~uhstantil~lly increased the erosion, pa r t i cu l~~~ ly  with, T;-~ we fhau use the CO:COn, The 
the cooler bore surfaces; but when the erosion Was dissociation of dioxide 2y; only for Hanle tern- 
extremely severe this effect was re1ativel.y small. J3y- pcratures :ibovc 2800 K but, i t  also increases as the prcssure 

drogen sulfide is a catalyst for the synthesis iroll drop" TThc presence or hydrogen lovrers the arnormt, 01 oxygel-1 
bccause of th,e water-gas reaction. 

f A ratio of CO/COn < 1 in the gases Iron1 propclln,nts is 
d At the  Johns Hopliins Universit,y under a, contract with unliliely. It might occm with s composition gree>tly in excess 

the Army Ordnance Department. of 40y0 of nitroglycerin.lu7 
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experinlents was due to melting, with a possible ex- 
ception for the gases a t  21.60 K. 

The material collected from the muzzle face of the 
vent plugs showed in all cases ferrous oxide (FeO), 
alpha-iron, austenite (gamma-iron containing dis- 
solved carbon), and in some cases magnetite (FesOd). 
At 2160 K there was in addition hematite (FeaOa) 

experiments with iron filings described in Section 
14.5.3. Microanalysis of the erosion products from 
the muzzle face indicated carbon in excess of the aus- 
tenite content and not present as a carbon compound 
in thc x-ray analysis. The formation of cementite on 
the bore surface, later melted and dissociated in the 
melting and transportation, would yield free carbon 
and alpha-ir0n.g The investigators preferred to attri- 
bute the presence of apparently free carbon to the 
cracking of the carbon monoxide. The formation of 

FIGITRE 7. The weight losses of >&-in. vcnt plugs sub- 
ject8ed to the act,ion of croding gases of controlled con- 
position and flame temperahre resulting from the com- 
bustion of oxygen and carbon monoxide. (See r - g  '1 urc 
8.) (This figure appeared as Figure 9 in  NDRC Re- 
porl A-31.0.). 

present. The possibility t h t ~ t  aerial oxidation occurred 
s~lbse~uent  to the firing was cxcluded by other exper- 
iments. However, since the material \\-as transported 
from the location of erosion to a position between the 
muzzle face of the vent plug and the abutting rupture 
disk, i t  is not necessarily representative of the actual 
reaction products of thc gas with the gun steel. That 
the reaction of droplets of molten steel or prinlary 
reaction products, -with the eroding gas, could TI-ell 
produce these erosion products  as denlonstrated by 
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FIGURE 8. The weight losses of the %-in. wnl: plugs 
in Figure 7 plot,led as a function of the (CO + 0%) / C 0 2  
ration for various flame tcmpcraturcs. (Thiti figure ap- 
peared as Figure 8 in NDTtC Report No. A-310.) 

cementite (FeaC) does not necessarily require the 
presence of free carbon,60 as shown by equations 
(5 )  and (10) of Chapter 13. 

Sulfur is present to the extent of 0.04 to 0.33% in 
all gun charges and it is converted almost entirely to 

F Apparently the solution of carbon in the liberated iron is 
too slow to stabilize thc iron as austenite on cooling even in 
experiments where the decomposition occnrred over a period 
of several seconds.lO5 



hydrogen sulfide (118) in the powder gases, as- ex- 
plained in Section 14.4.1. Catalysts for the formation 
of iron c,arbonyl mentioned in the chelnical literature 
are organic and inorganic sulfides, ammonia and hy- 
d r~gen .~~Tydr*och lo r j c  acid and chlorine gas are 
reported to bc inhibitors or destroyers of iron .car- 
b ~ n y l . ~ ~ "  

In some of the vent plug experiments carbon di- 
sulfide, or. sulfur dioxide or hydrogen sulfide was 
added to the mixtures of oxygen and carbon monox- 
ide having flame temperatures of 2330 and 2495 K. 
A conti,n,uous layer of iron sulfide was shown to be 
present on the bore surface o'f the vent plugs by sulfur 
prints, examples of which are shown in Figure 9. 
Carbon disulfide or sulfur dioxide did not essentially 
alter the erosion, but owing to experimental difficul- 
ties this result is not final. 

FIGURE !f. Sulfur prints that indicate the fo~mation or 
a layer of iron sulfide on the bore surlace of vent plugs 
whcr~: (top) carbon disulfide wss added to the exploding 
gas mixture; and (bottom) J..25Ci/o of hydr.(:rgen sulfide 
was added. (This tigu~e appca~cd as part of Plate VII  
i n  NJ3R.C Rcport No. A-310.) 

Hydrogen sulfide, even in e,mounts as small as a 
few tenths of 1. per cent, greatly incrcased the erosion, 
the increase bcing proportionately greater the lower 
the flame temperature and the higher the CO/CO2 
ratio in the eroding gsscs. A maximurn effect was 
reached a t  about 5% hydrogen sulfide. 

In  a series of explosion lnixtures that produced 
eroding gases of increasing flame tempcratures, 1.25% 
of hYdrogell liulfide was added. Whereas a t  the lower 
flnmc temperatures the relative effect of the hydrogen 
sulfide was large and dependent on the flame temper- 
ature, the increase In erosion, ce.used by the additj.on 
of the hydrogen sulfide for fla,me temperatures from 
2500 to 3320 K mas relatively small and pra,ctically 
constant. 

These results might be interpreted as indicating an 
erosion lnechanisin involving the formation of iron 
carbonyl particularly during the time that the bore 

surface is heating up, this reacti.on being aatalyxed b~7 
the presence of hydrogen sulfide. Iron carbony1 -was 
not isolated in vent plugs cxperiments, howevei*, 
~vlvhich, may have been due to its inability to survive 
the peak teinperatures in sufficient amount. 

On the other hand, the reaction 

is highly exothermic; the products would be heated 
to betwccn 600 snd 700 C: above the reactants in an 
adia,batic systeni." I t  is worth noting that t~ similar 
reaction bctween iron and sulfur dioxide, although 
not known, sl~ould be much less exothermic if' not 
endothermic. Any tendency for the ferrous sulfide 
(FeS) to be heatled above the equili'brium tempera- 
ture of 1.000 to 1.100 C will result in its decornposi tion. 
If there is a stirring of the surface material, the melt- 
ing point c:ould bc lowered to about 985 C. Such sn 
exothermic reaction could also contribute heat to xi'- 
fect thc conditions a t  the bore surface in several ways. 
If bore-surface temperatures are just below a critical 
temper:+ture, wcl-1 as the melting point of erosion 
products, thc formittiwn of ferrous sulfide could con- 
tribute a small amount of heat that ~vould be suffi- 
cient to cause this temperature to be rea.ched, or, the 
rapidity of the ternperature rise of the bore surface 
might be increased by the early formation of ferrous 
sulfide, thus pmlonging the time that the bore surface 
is at  or above some critical temperature. 

Both thcsc effects should be particularly noticeable 
a t  low gas temperatures. At the higher fla,me tempera- 
turcs, however, where melting is almost certainly tthe 
principal lncchanism of erosion in )&-in. vent plugs, 
the exothermic heat would contribute in a relatively 
small and rather constant degree in the sccond man- 
ner suggested above. 

Some support to the foregoing hypothesis is offered 
by a Sew experiments with long vcnt plugs having a 
%&in. bore dia,met,er. Whcn the bore surfa,ce was 
coated with fcrrol~s sulfide prior to the explosion, the 
weight losses were insignificant (1 and 4 mg) but 
when the surface was not so coated ancl, instcad 
.1.25% of hydrogen sulfide was added to the exploding 
mixture thc vcnt plug lost 43 mg. It should be em- 
phasized, howcvcr, thrtt the data are too meager a t  
prescnt to substantiate either of the above points of 
view. 

X-ray analysis showed a trcnd to smaller an~ounl;s 
of FeS and larger amounts of FeO in the material 
from the muzzle face of the plugs as thc flarne tjem- 
perature was increased and the CO/COj ratio de- 
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creascd. This can pro1)ably be explained by the 
reaction : 

Hydrogen sulfide is most effective when the borc 
surface is but rnildly heated. This is illustrated by 
firings in vent plugs having %-in., $$-in., and 3h-in. 
bore dianketers which slio\ved factors of increase of 
erosion caused by the ~~d~l i t ior l  of 1.25% of hydro- 
gen ;.;nlfide equal to 3, 10, and 66 respectively. 
This is f':.~irlgr strong evidencc that chemical fat tors 
are i~nportant.. ,l simple explaniition ~vould be to 
assume the catalyzecl formation of iron carbonyl, but 
i t  is not nccess:try, and in some cases it ~vould be 
difficult, to postulatte the formation of iron carbonvl 
to nccount Sol* any appreciable portion of erosion in 
t>he absence of hydrogen sulfide. 

AI\.IMONIA AND I~YDROGEN I N  THE CH-~RGE 

The acldit,ion of 1 mole % of hydrogen sulfide, or 
anlmc~nia, or hydrogen to the 2300 K mixture canscd 
the weight losses to increase by more or less the same 
factor of about 3, from which one might infer that thc 
increased erosion arises from the addition of I., I.%, 
a,nd 1 mole % of hydrogen respectively in the abovc 
gases. I-Iowever, latcr \vorl; seems to rule out a coin- 
lnon mechanism for the increased erosion. The pres- 
ence of the above three gases also have a dccided 
effect, on the erosion, of vent plugs of Armco iron, 
nickel, arid cobalt in the same general manner. 

The addition of lyO of chlorine or hyclrochloric atid 
had no effect on I;he -\\-eight lossca, -\\.hich is remark- 
able in itself. That there n-:is no mitigatiou of the 
erosion seems t,o clenlonstrate th:~t iron carbonyl for- 
mation is insignificsnt in the i~bsence of the above 
 catalyst,^ but t h e  is no a,ssnraricc that these inhibi- 
tors are acting in the explosion in the manner sug- 
gested. 

Prelirninxry investjigations \\.ere largcly conhed to 
the use of >&in. vent plugs ~satl~cr t,h:tn the j/s-in.-size 
later studied. The conditions of erosion were ex- 
tremely severe with thern, the chief part played by 
the gascs being. n t r~msl~ort  of heat. Thc CO/C03 
ratios \\.ere all below 2.5 -\\-it11 the one exception of a 
ratio of about 3. Studies of the composition of 
quenched polder  gases, dcscribecl in Section 2.3, 
shon: that these ratios are about the same as those 

obtained with double-baue po~vclers IV-hich range from 
1.2 to 2.5. This is a condition ~vllich unfortunately 
cannot be remedied because of the great difficulty of 
properly exploding such mixt,~lrcs of carbon monoxide 
ancl oxygen that are net:cssary to give the higher 
CO/C02 17atios. 

l4 3.4 Isolation and Identification of 
Iron CarbonylG3 

Thc condit;ions for the svntllcsis of iron cerbonyl 
:ire bll satisfied in the passage of propellant gases 
through a gun barrel - \~ i th  thc cxception of the tem- 
perature. For* a sho~*t period thc ten~pel*at,urc: condi- 
t,ion is also satisfied near thc origin of rifling ancl 
probably for a pl*otract,ecl period near the muzzle. 

The gases cmerging f~*orn  vent plugs 4:- to 454-k. 
long ~vit,h x2-in. bore diameter, or Iron1 a caliber .30 
barrel, were collected in an evacuated glasfi-lined 
chamber, hereinafter called the muzxle tube, shown in 
Figure Ci of Chapter 11. These gases were later drawn 
through a cold trap maintained at  the temperature of 
liquid ni trogen. ,411y volatile matter condensed there- 
in was drnun through an analyzing system in which 
1;he pent,nc:~rbonyl \I-ould be deconlposed by heat to 
form a thin mirror of iron-11e:iring ~ziaterial (:inalyzed 
for iron in cpantitative 11-ork) :ind t,n form gaseous 
products which w-erc: analyzed for. the presence of 
carbon monoxide. 

The eroding gas n7ixtures were cool, having been 
obtained from an explosive mixture of 1.1 or 12y0 of 
oxygen in carbon monoxide. The use of large-bore 
vent plugs or caliber .30 barrcls resulted in a much 
milder test than those obtained in the erosion tests 
of vt:nt plugs just described in Section 14.3.3. The 
bursting pressure of t,he rupture disk was 25,500 psi. 
Caliber .30 b~trrels n-el-e fitted n-it11 a second 10,000- 
psi rupture clisk at the muzzle. 

In order to favor the lo~mat~ion of iron casbonyl, 
up to 2.5% of hydrogen sulfide \\-\-as added or the bore 
surface (of vent plugs oaly) lvas converted to ferrous 
sulfide before the test. h number of different arrange- 
merits in the muzzlc tube \]-ere tricd 114th the object 
-ol' preserving any iron csrbonyl formed,. 

Iron-bearing rnaterial was found a t  one or more of 
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three different positions. Firstly, a consistent feature 
was the appearance of an adherent iron-bearing de- 
posit on the wall of the muzzle tube in the form of a 
bright metallic mirror, reminiscent of the decompo- 
sition of a volatile metallic compound. This mirror 
became black if hydrogen sulfide was present in the 
eroding gascs. Secondly, the cold trap usually con- 
tained a black sooty iron-bearing material. Thirdly, 
when iron carbonyl w-as collected a mirror of iron- 
bearing material was formed in the heated deposition 
tube of the analytical apparatus. Analyses for iron in 
the various deposits showed i t  to be present (I) as the 
element, (2) as an oxide, or (3) as a sulfide in cases 
where hydrogen sulfide or black powder had been 
used, but no sulfides of iron, or of copper often 
found in the deposits, werc identified by x-ray 
analysis. 

Muzzle Tube. X-ray examination of the mirror de- 
posit showcd only ferrous oxide (FeO) and austenjte. 
Under certain conditions ferrous oxide can be a prod- 
uct of the decomposition of iron pentacarbonyl but i t  
could have been produced by the passage of hot ero- 
sion gases after the iron-bearing deposit was formed. 
It is, however, difficult to understand the presence of 
austenite by either of these mechanisms. Whether the 
deposit in the muzzle tube represents decomposition 
of iron csrbonyl, and if so to what extent, requires 
further experimentation. 

Austenite and ferrous oxide were also obtained 

plosion. It was even lost to a marked extent on mere 
standing in the expk~sion mixture. Thus, i t  is quite 
likely that iron c~trbonyl may have been formed in 
the erosion of steel vent plugs in an amount less than 
the minimum for survival and detection. If mild ther- 
mal conditions were to be maintained the only solu- 
tion was to increase the area of the bore surface. This 
was accomplished by adapting caliber .30 Enfield 
barrels to the apparatus us shown in Figure 6 of 
Chapter 11. 

Bore-surface temperatures in the caliber .30 barrels 
were lower than in the vent plugs and a considerable 
area of the added surface will reach still lower maxi- 
mum temperatures. The correspondence between the 
temperature-time relations for this test and those for 
ordnance conditions with a projectile present has not 
been determined. 

TABLE 1. Iron content of deposits after five consecutive 
firings through caliber .30 barrels used as vent pl~igs.Ga 
(Propellant: carbon monoxide and oxygen mixture con- 
taining 11% oxygen and a little hydrogen sulfide.) 

Milligrams of iron 
From decom- 

On glass Solid position of 
Per cent liner of mterial  in condensed 

H2S muzzle tube cold trap iron ctlrbor~yl 

with a h ~ ~ ~ ~ g ~ ~ - ~ ~ ~ g e ~  explosion but in this case the * Some black materlnl blow~, out of the cold trap and probably some lron 

deposit was but loosely adherent and of different cnrbonyl also lost. Blank rilns on 4,000 pbi of carbon monoxide without HLS 
and oxycen showed complete absence of iron carbonyl. 

physical appearance. A comparison with the carbon 
monoxjde-oxygen explosion is probably unfair pri- 
marily because of the very different thermal con- 
ditions. 

Cold Trap. The iron-bearing products in thc cold 
trap could not be identified with the possible excep- 
tion of austcnite. The x-ray patterns, exccpt for a 
single line in one experirncnt, correspond neither to 
unidentified lines for the products of thermal decom- 
position of iroh pcntacarbonyl nor to lines found in a 
preparation of a condensed carbonyl, Fe3(C0)12. 

Dpposition Tube. None of the experiments with 
steel vent plugs revealed thc presence of iron car- 
bonyl condensed in the cold trap. The possibility of 
its formation is not thereby ruled out, for iron car- 
bonyl introduced into the explosion mixture and fired 
through a coppcr vcnt plug failed to survive the ex- 

No iron carbonyl was detected in a single firing but 
the usual mirror deposit was found in the muzzle 
tube. Iron carbonyl was repeatedly found in single 
firings if 1.25% of hydrogen sulfide was added. A 
series of firings were made in which small amounts of 
hydrogen sulfide were added. Analyses for iron in the 
three deposits yielded the results in Table 1. The 
addition of hydrogen sulfide, even in, the small 
amounts present in propellant gases, increased the 
amount of iron recovered from the muzzle tube and 
cold trap and substantially increased the amount of 
volatile iron carbonyl recovered. 

In order to produce the same number of moles of 
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carbon monoxideh as given by the gas mixture. 20.5 g 
of an NH-MI powder was burned in the same ex- 
plosion vesscl mith and without the addition of black 
powder. Piezoelect,ric measurements of the pressure 
as a function of time, illustrated in Figure 10, showed 

U I L L I S E C O N D S  

FIGURE 10. Oscillogaph record of pressure as a furrc- 
tion of t,imc for two types of firing in the same explosion 
vessel. (Upper part of figure) : A typical cxpcrirnent with 
the carbon nlonoside and oxygen mixture. (Lower part 
of fig~rc): One of the experiments with the NH-NIl 
solid propellant. Wlllle the combustion of the gas mis- 
turc is comparatively very slow, the time of effusion 
through thc brrn*el after rupture of thc d ~ s k  is the sanlc 
for the gas mixture and solid propellant. (This figure 
appeared as Figure 33-1 in hTDRC Report No. A-311.) 

that the maximum pressure, rate of decrease of pres- 
sure, and total time of effusion were about the same 
for the gas mixture and solid propellant. However, 
the very slow cornbustiorl of the gas mixture corn- 
pared with the solid propellant is well demonstrated. 
In experiments mith black po~vder (containing 10 per 
cent of sulfur) the amount added was the same as 
that normally present in the charges of a number of 
medium caliber guns. (See Section 14.4.1.) 

The deposits of iron-bearing material produced by 
the decomposition of the recovered iron carbonyl in 
the analytical apparatus are illustrated in Figure 11. 
Analyses for iron in the three deposits, given in Table 
2, show that iron carbonyl was formed with the NIT- 
M1 propellant without the addition of sulfur in the 
form of black pomder. The iron content of the deposit 
in the n~uzzle tube was increased by the addition of 
black powder, and most probably the iron present in 

'a The amount of CO present in powder gss a t  any instant is, 
unlike the case of gas mixtures, very strongly dependent on the 
momentary tempelbature of the water-gas produced by the 
burning of the propellant. See the discussion in Section 2.3.4. 

TABLE 2. Iron content, ol deposits after five consecutive 
firings through caliber .30 barrels used as vent plugs."a 
(Propcllant : smoltelesx powder. *) 

Milligrams of iron 
From decom - 

Addition to On glass Solid position of 
powder liner oE material in condensed 
(d muzzle tube cold trap iron carboilyl 

0.0 6.96 38.64 0.078 
0.42 black 22.33 21.30t 0.0581 

powder 
1.0 p-nitro- 16.31 30.71 0.089 

benxoyl 
chloride 

* Powder-N13-&11 for 37-mm pull. 2111916, Lot 3727. 
t Mntcrial blow~i out of the cold tray, very probably nccom~utiied by loss 

of co~idenned iron carbonyl. Addition of blnck yowtler altered thc nature of 
the exl~loaion. 

the cold trap ns iron carbonyl ~ ~ o u l d  have bcen 
greater had not the violence of the explcsion calmed 
a loss of material. The addition of paranitrobenzoyl 
chloride, added as a source of chlorine which h:ts been 
reported to be an inhibitor for the fornlation of iron 
carbonyl, failed to reduce thc amount of iron car- 
bony1 recovered and produced no change in t11c total 
iron from the three sources. 

The amount of iron recovered as iron carbonyl 
from the gas mixture or the propellant, i r ~  the absence 

FIGURE 11. Dcposit,~ of iron-bearing material from the 
thermal decomposition of iron cltrbonyl in thc recovered 
gascous products from firings of PITH-MI powder with 
and without the addition of difierent substances. (Up- 
per) NH-MI propellant alone; (middle) 2% of black 
powder added; and (loacr) 576 of paranitl*obeneoyl 
chloride added. (This fiylre appeared as Plate XI: in 
NDRC R.eport No. A-311.) 

of sulfur, mas roughly constant a t  0.2% of the total 
iron from all the andyzed deposits. The addition of 
hydrogen sulfide to the gas mixture increased the iron 
present as carbonyl to 0.8% of the total. These 
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amounts are insignificant, but i t  is plausible to assume 
that a large fraction of the iron carbonyl is decom- 
posed cither before i t  can leave the barrel or in the 
muzzle tube. 

X-ray examination of - the bore-snrface products 
neas the origin of rifling showed thc presence of fer- 
rous oxide, alpha-iron, a,nd soinctimes austenitc, with 
a few unidentified lines. For the firings of propellant 
plus black powder all the lines were attributable to 
alpha-iron and magnetite (Fe304). The iron-bearing 
material in the muzzle tube and cold trap could not 
bc identified; t,he unidentified pattern, except for one 
or possibly two lines, is not the same for the vartious 
deposits. I t  is curious that no known sulfides were 
identified, because their presence ~vas  ob\iious from 
the chemical analyses. 

Th(-: thermal deco~npositiori of iron pentacarbonyl 
is strongly dependent upon the temperature and na- 
ture of the carrier gas. In a study of the factors 
affecting the decomposition one or more of the follow- 
ing products were Sound : alpha-iron, magnetite, 
cementite (FeaC), :*lmays accompanied by unidenti- 
fied but oftten differcrlt lines. Two of these lines occur- 
red fairly cozlsistcntly and were possibly the same as 
the pattern of the two unidentified lines that were the 
only lines found for tthe materid from a muzzle tube 
nlter firing the gas inixtme with hydrogen sulfide. 
Some of the unidentified lines in the decompositjon 
produt:ts of iron pentacarbonyl corresponded to a 
part of the pattern obtairled from a synthesized 
sample of the trimer of iron tetracarbonyl [Fe(C0)4]3, 
but this latter pattern could not be repe~ttud. 

It is unfort,unat,e that the decclmposition of iron 
pentacarbonyl has so far yielded no distinctive prod- 
uct, becsusc the identified products are ones .cvhjch 
might well be expectcd Irom reactions t:zlring place in 
a gun tube quite independently of carbonyl forma- 
tion. It is thus too early to ascribe the presence of the 
solid deposits in part or in ~vhole t,o the decomposition 
of iron pentacarbonyl. 

14*' REACTION OF SULFUR G,AS%S WITH 
GUN' STgEL 

14.4.1 Introduction 

In the preceding section it was shown that thc ad- 
dition of a small amount of hydrogen sulfidc to the 
eroding gases produced by the combustion of carbon 
r~ionoxide and oxygen resulted in a considerable in- 

crease in erosion. This section deals with the cxtent 
to which sulfur may form reaation products on the 
bore surface and the degree to which i t  penetrates the 
bore wall. If penetration is extensive, the physical 
properties of the steel can be affected adversely. If 
iron sulfide is a, product of the int,eraction, the melting 
point of the bore surface material can be greatly 
depressed below that of steel. 

Elementary sullur* is present in the charges of 
~necli,um and large €)ore guns to the extent of 0.04 to 
0.33% by wciglit of the charge," by v i r t ~ ~ e  of the 
booster and igniter pads of blaclr powder. In small 
arms the sulfur., present to about the mine extent, is 
all combined in the compounds of the primer. The 
sullur goes almost completely to hydrogen sulfide in 
the powder gases according to a study of the chemical 
thermodynamics of gun erosion.60 

The same study indicates that ferrous sulfide (FeS) 
shorlld be the ultirnatc product under a great variety 
of conditions of temper~tture and gas composition for 
an interaction between a steel bore surface and pow- 
dcr gases derived from a propellant containing as little 
as 0.1% of sulfur.. However, the formation of fcrrhous 
sulfide is self-inhibiting because of the highly exo- 
thermic reaction involved in its formation and this 
probably accounts for the lack of any considerable 
portion of ferrous sulfide identified in the reactiorl 
products a t  the bore surface of eroded guns described 
in Chapter 12. Anot,hcr possibility is a scavenging of 
the sulfur by the usual deposit of copper in LL gun 
tube," which is discussed in Section 12.3.2. 

The extent to which the presence of ljlaclr powder 
in a charge of smokeless powder ~ont~ributcs to ero- 
sion has been studied in an explosion vessel, but not 
under ordnance c ~ n d i t i o n s . " ~ ~ O ~ ~ ~ ~ ~ ~  

I 4  4.2 Sumrnary of Results 

Sulfur in the reaction products on the bore surface 
and that \vh.ich penetrated into the underlying steel 
n+ss detected and measured by incorporating radio- 
active sulfur into a charge of single-base powder. This 
tracer method i s  wlfficiently sensitive so tha,t only a 
single firing is required and it possesses the advantage 
that i t  is often unneccssary to dest,roy the specimen 
for s determinat)ion ol t'he element in cl~~estion. Thus 
i t  was possible to examine the sulfur content of the 
bore wall of a cttliber .30 rj,flc barrel by using the 
whole barrel as a Geiger-Mueller counter in order to 
detect the emission of beta-rays from the ratlioactive 
sulfur. The same brtrrel could be studied in this mm- 
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ner for thc effect of a variety of treatments including 
t,he subsecluent firing of s nillnber of rounds. 
h considerable fraction of the sulfur in a single 

charge was found to be incorporateti in the bore -wall. 
Some of this sulfur may have been associated with 
the metal-fouling but cvidence from various treat- 
ments of the l ~ r r e l  \V:IS in laver of an association of 
some of thc sulfur ui th the steel, or an iron-bearing 
complex coklting. Only a small fraction of the sulfur 
wa.s permanently incorporated and 95y0 \\-as lost in 
regularly decreasing amounts during the subsequent 
firing of 3(3 rounds. This loss is comnlensm.ate \\-it,ll 
t,he rate of erosion of caliber .30 ba~:rels. The sulfur 
pemsnentlv incolporat,ed would yield a, maxirnunl 
content of about 0.8y0 in the altered layer t~fter 1,000 
rounds or alterna.t,ely thc crack systcm nligl~t ccontairl 
material wit11 a 2% sullur content. 

This prclirninary \\,ark led to further experiments 
which, while they departed from ordnance condi- 
tions, avoid ambiguous interpretitions :ind pro\;idc 
n Illearls of ascertaining the extent, of penetration. 

Reaction products tli:l,t were forlllctl by tlie int,cr- 
action of propellant gases and the stccl surface of tcst 
rods (described in Section l.l.2.4) cont,t~inecl 12 t,o 
18y0 of sulfur by weight and this sulfur \~-tis shown to 
be combi~iecl \vit,h iron. The steel surlaccs \\-(:re clleln- 
ic:tlly attaclced by t,he sulfur components of thc: powder 
gases, and the lormation of sulfur compouncls ol' iron 
limy cont,rib~ltc to erosioll in gulls. Tlie evidence from 
these experiments, tmd othcrs suin~narized belov-, 
appcars to support the idea that the formaation of a 
coating of reaction protlucts in which iron from the 
st,eel is trtmderred to this coating is a necessarv inter- 
mediate stage in ei*osjon v-here ~nelting of the steel 
itself is excluded, the chemical compounds so formed 
being inore suscept,ible to col-nplete removal than the 
original steel. 

The penetration of sulfur into the slecl belo\\- thc 
layer of reaction products is cxLren~ely shallo\\,, 31- 
though the sullur content of this shallow zone is not 
in considerable. 

In vie\\r of t,hese results a number of test rods were 
subjected to the action of po\\-~lcr giises derived from 
a nitrot:ellulosc: polvder \\!it11 and \\:ithout the addition 
of X~lack powder or its components. Tlie additjon of 
blacli po\\,der, and of sulfur or potassiunl nitrate in 
equivalent amount, increased the rate of erosion of 
gun steel as l-neasured by n-eight loss. The addition of 
chn.rcoa1 in cclnivalent amount dccrcased the rate of 
erosion rind dirrlirlislled the characteristic cracking of 
the sui.f:lce coml-non1.v tcrnxlctl ."heat, checking." While 

the addition of black powder always increased the 
erosion, curiously enough it greatly diminished the 
heat checking and even eliminated i t  when in suffici- 
ent amount. There was abundant evidence that the 
gun steel per se was not melted in these tests and 
therefore the above obser~at~ions could not be so 
explained. 

I t  \\-its snggest;ed on the basis of these experiments 
tthat an efforl; sllould bc made to remove the sulfur 
from the charge in an ~tctual firing ttest and perhaps to 
incorporatc srnall amounts of charcoal that might 
mitigate crosion I\-ithor.~t appreciably lowering t,he 
potential ol the poivder. I-Io\\jever, these t)hings have 
not been accomplished. 

Tn order to convert a rifle barrel to a. G-eiger-Muelley 
counter for detecting the ra,dioactivit,y of :I tracer ele- 
ment incurpol-a,ted in the bore \\--all it is only necessary 
to provide means foi: stretching a fine tungsten wirc 
 long the axis of the tube and to insure electrical 
insulation of this wire ailcl hermetic sealing of the 
tube. The location of tlie sulfur in the tube was de- 
t,erl-nined by inserting glass tubes of appropriate 
lengths t,o block the beta,-rays en~itt~ed by the radio- 
sullur. Such an arr:ingement indicated n~tixin~um sul- 
fur content of tht: horc 71-all ovcr the first six calib~rs 
for\~ard of t.he origin of rifling and a secondary max- 
inlunl at  about, 10 calibers behind the muzzle. The 
propellant \\-as u standard IMR powder for c:tlil-)cr 
.30 sniall arms to \\.liicli 0.07y0 by neight of nativc 
sulfur was added. This sulfur acted as the carrier for 
the radiosulfur, the t w  being cl-lernically indistill- 
guishable. The radiosulfur w:ts sllo\\m to index not 
only the added sulfur but all the sulfur in the charge, 
inclucling that of the primer components. 

Small test rods were subjected to the ttction of 
straight, nitrooellulose caliber .45 pist,ol po~rder gasss 
111 the apparatus described in Section 11..2.P for test- 
ing the resistance of rnetals to surlace cracking. Test 
rods were made of SAE 4140 stecl in a tempered 

i The eificicncy ol certain ignition powders, iucluding morli- 
fied black poll-ders, t l ~ l ~ t  (10 not contain sulf~~lr has bcen investi- 
gated at -4hcrdccn Proving Ground. Conlpar~ttive erosion 
\vas st,udied only in vent plug tests.200-201 
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martensitic state. The rods, %i in. in diameter and 
1% in. long, were inilled to give two diametrically 
opposite flat surfaces which mere highly polished. 
These flats were subjected to the gases passing 
through two vents of D-shaped cross section formed 
by fitting the rods into a round hole in a replaceable 
cone. 

After less than the number of rounds that were 
established as sufficient to produce cracking had been 
fired, the rods were introduced into a specially de- 
signed Geiger-Mueller counter wherewith the sulfur 
content of the reaction products and the depth of 
penetration could be studied by the fall in activity 
following successive removals of known weights of 
material with a metallographer's finishing lap. The 
amount of native sulfur which carricd the radiosulfur 
was between 0.07 and 0.4% by weight of the smoke- 
less powder, corresponding to the amount present in 
some gun charges. 

The same apparatus, bnsic charge, and type of 
stecl were used for these tests as for the penetration 
experiments just described. This kind of test posses- 
ses a decided advantagc over the usual vent plug 
experiment in that i t  is possible to conduct a rapid 
microscopic examination of the surfaces a t  any stage 
before conclusion. The temperature-time relations 
are more readily controlled because only a portion of 
the gas passes over the specimen. The conditions 
were mild, as was confirmed by several observations 
that were made in order to establish the fact that the 
steel per se did not melt. Spectrophotometric meas- 
urements of the gas temperaturc of the sort described 
in Section 2.5.1 showed a maximum increase of 50 C 
over 2700 C with the addition of 10% of black pow- 
der. No change in the pressure-time curvc was ob- 
served. A maximum weight loss of 12 mg after 85 
rounds was recorded with weighings on a micro- 
balancej or expressed in ordnance terms these tests 
correspond to an increase in bore diameter of 0.001 
to 0.005 in. in 30 to 60 rounds. This value was ob- 
tained by doubling the calculatcd thickness of metal 
removcd, which is analogous to increase in groove 
depth. In some experiments black powder was added 
in amounts varying from 0.5 to 10% by weight; in 
othcr tests equivalent amounts of charcoal, sulfur, 
and potassium nitrate were added. 

J See Table 13 of Chapter 15 lor weight losses of gun steel 
vent plugs of different slees fired with different propcllants. 

14.4.4 Sulfur in Reactio~l ProductsS3 

In all these experiments an adherent layer of ma- 
terial was produced on the surface that differed md- 
ically from the original steel. The results of some 
experiments with test rods to determine the role of 
sulfur in the chemical alteration are given in Table 3. 
Each charge contained 0.4% of sulfur. 

TABLE 3. Sulfur content of reaction prod~icts on the 
surface of steel test rods subjected to the action of 
sulfur-containing powder g a s e ~ . ~ '  

Sulfur i n  coating 
Thickllcss of determined by Complited 

Number coating radioactive as FeS 
of rounds (microns) traccr (per cent) (per cent) 

* The charges were firedlblectrically in an all-steel system eliminating tlio 
possibility of coppcr, nine, antimony, lead, or potassium that might have 
bccn derived from a caliber .30 case or its primer. 

The results in Table 3 do not prove the manner of 
occurrence of the sulfur. In other experiments no 
change in the activity of the surfaces was observed 
after removal of a loose deposit or after immersion in 
each of the following solvents in turn : ether, carbon 
disulfide, air-free water, and alcohol. These results 
indicated the absence of free sulfur in either of its 
modifications and established that the sulfur com- 
pound was not water-soluble or present in coinbina- 
tion with carbon and nitrogen in nonmetallic form. 

A Bauniann or sulfur print affords an extremely 
sensitive method of detecting the presence of a sul- 
fidek of iron or manganese. The surfaces and cross 
sections of test rods fired with either free sulfur or 
black powder present in the charges gave very posi- 
tive sulfur prints similar to those illustrated in Figure 
9 for the cross sectmion of a vent plug. 

An examination of the products on the surfaces of 
these test rods by electron diffraction produced a 
number of patterns which were difficult or impossible 
to identify, as explained in Section 11.5.2. Moreover, 
i t  is believed that some of the products yielded no 
patterns because they were amorphous." With black 
powder or sulfur present in the charge the pattern 
corresponded to a double sulfide with a spinel struc- 
ture which .was possibly vi.olarite [(Ni,Fe)BSl], al- 

k The use of this technique and a number of modifications 
devised to detect other sulfides, with perticiiler reference to 
erosion products, is described in Section 11.5.3. 
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though it is likely that manganese or chromiuxn could 
replace nickel in this compound.'" There exist only 
ineager data concerning such compounds. Thus, 
whilc the exact nature of the sulfur substance remains 
to hc discovered, it has been denlonstrated that iron- 
bearing compounds of sulfur are formed on steel sur- 
faces subjected to propellant gases containing only a 
small portion of sulfur. 

14.4.5 Penetration of 

The penetration of sulfur into the steel beneath the 
coating of reaction products is shown in Table 4. 

TABLE 4. Penetration of sulfur int,o stcel below t,he 
rettction  product^."^ 

-- 
Test Nurrlber Depth Sulfur content 
rod of rounds (microns) (per cent) 

ably diminishes the cracking of the surface.' This 
effect persists and is even more noticeablc as the 
number of rounds is increased. With G or 1070 of 
black powder, cracking is completely eliminated. 
With 10yo of black pomdcr thc cracking is replaced 
by a pitting that resembles the ripple marks in sand. 

The black powder does more than prevent cracking 
of the surface in a given round because after test rods 
had been subjected to a number of rounds with 6 or 
10% of black POT+-der in the charge they failed to 
exhibit cracking for a relatively large number of sub- 
sequent rounds without black powder prcsent. ~ f t e r  
a survey of B number of possibilities i t  was concluded 
that the phenomenon is caused by a chemical change 
in the nature of the steel in the surface. This con- 
clusion agrees with the results of other studies dis- 
cussed in Section 13.5.3. The addition of sulfur alone 
intensified the cracking as shown in Figure 12. 
Potassium nitrate was evcn worse in this respect; but 
the addition of a third component in the form ol 
powdered \\-illow charcoal to the extent of 0.9% 
markedly reduced the cracking. 

*The rounds were fired electrically in an all-stcrl sy-Jtcn1. The sillfur 
contcnt of thc charge was 0.4% by weight of the y ~ ~ ~ o k e l e ~ s  powder fircd. 

t The rounds were primer fircd from u caliber .30 case which increased 
the total sulfur content of the charge to 0.5%. 

These values are averages for the tvhole affected area. 
Localized areas contained slightly more sulfur but 
not to greater depths, in similar  experiment,^. The 
slight penetration does not follolr- the diffusion lam. 
There appears to be a vcry thin zone of steel that has 
acquired a roughly constant amount of sulfur. An 
increase in the number of rounds increases the sulfur 
content without thickening this zone. The penetra- 
tion of sulfur is not too significant unless a very thin 
zone of "hot-short" material is formed ~vhich might 
aid the mechanical removal of the overlying reaction 
products. 

The addition of black powder increases the rate of 
erosion. The results of neighing test rods are given in 
Figure 13. Similar curves wcrc obtained for the addi- 
tion of sulfur and potassium nitrate equivalent to the 
6% black powder mixture but for the addition of the 
small equivalent amount of charcoal the erosion by 
comparison with pure smokeless powder lras reduced 
by a factor of 2. The effects of the componcnts of 
black polvdcr in increasing the erosion causcd by 
smokeless power  arc not simply additive. There is 
fair agreement with the erosion test with black pow- 
der itself for a large number of rounds but a conlpar- 
ison of the initial erosion sho~vs the very serious 
erosivity a t  this stage caused by potassium nitrate 
without its accompanying sulfur and charcoal 

14.4.8 " Charges without Sul:fur53 

14.4.6 Cracking53 The foregoing evidcnce obtained with test rods 
agrees with that obtained from vent plug tests with 

A number of test rods \\-ere studied with a compar- carbon monoxide-oxygen mixtures (Section 14+3.3) 
ison microscope in order to observe any surface ef- and from other vent plug tests200,203 made a t  Aber- - - 

fects caused by the addition of black powder or its deen Proving Ground with propellant charges, in in- - - - ./ , 

conlponents to the charge of smokeless powder. The 
Such cracking is often termed "heat checking," dtl~ough 

addition of up to 2% of black poll-der, i.e., less than this designation infers a cnusr! that does not seem to have been 
the content of the charges for several guns, consider- proved. See Section 13.5.3. 
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TABLE 5. X-ray identification of the products of reaction between powder gases and pulverized materials. The n~lmbers 
indicate only the o ~ d e r  of abundance; I is the most abundant. Letter d: diminished amount witkt respect to yr*cceding 
column; similarly, sd: slightly diminished; and gd: greatly diminishcd. 

- --- - 

*Lower l~itrogcn conterit than originel. -1 90 pel. ccnt. : hlostly Pea. & See rootnote of Chnlitcr 12 or1 I)age 248. 

Materials fired with 
'IMR powder (single-bt~se) 

Ij',lect,rolytic iron Gun steel !'crN PeaN, 
325 200 100 200 . . .  . . .  

Product (Mesh) (hlcsh) (Mesh) (1Icsh) 

FeaN, 3 2 cl 3 sd 2 1 1 * 
FcdN 5 
FeO 2 2 gd 3 sd 2 3 2 

1 2 1 I Austenitei 1 2 
Perrites 4 1 1 1 4 3 

single-base powder fired in t,he conventional manner 
from a caliber .30 rifle." With the hotker FKH-M2 
powder no iron nitrides were formed. T t  appcars that 
the nitrides must be formed cither very latc in a firing 
or as a secondary product. The main tlifficulty in. 
establishing the meclianisni of their formation is the 
h u w n  inertness of nlolecular nitrogen. Furthermore, 
ammonia, %\-hick is an active nitriding agent, is pres- 
ent in powder gases in only very snlall amounts. I t  
is therefore interesting to find in other 
that mhilc an incressc in total nitrogen is conkled to 
tb.e immecliate surfacc, :m exchange bctiveen the ni- 
trogen of the propellant gases and the origina,l nitro- 
gen of the steel can occur. to a, very appreciable depth. 

Materials fired with 
FNH-M2 (double-base) powder 

Iror~ Fe4N Fe2N, 
325 . . . . . .  

(Mesh) 

2 2* 

1 t 
3 

1 t 
:3 

I t  
3 

2 3 

In order to expedite an x-ray study of the erosiorl 
products in a gun a very conrrenient and rapid ex- 
peri~nental procedure was devised as described in 
Section 11.2.6. This consistled ol incorporating the 
pertinent substance in pulverized form in the powder 
charge for an other~vise nomnl rouncl of L c:aliber .30 
rifle. The rifle T T ~ T . ~ . ~  fired into an evacuated tube from 
which the products of the explosion \yere later re- 
moved for examination. Such an experiment conforms 
to ordnance: conditions exccpt for one important de- 
parture. The temperature of the finely divided ma,- 
terial will rise nll~ch higher than that of t,he bore 
surface which is being simulated by the pulverized 
substance. The finer particles nlelted on firing; coarser 
particles were rounded a t  the edges only. The restllts 
are sumn1:lrized in Table 5.'" 

Compilecl from 3, description of the results in the NDRC 
~sport'%n this investigation, in \vllich thc rdative amounts of 
the products arc discusser1 in grentcr detail. 

Ferrous oxide (FeO) and austeniterl Ircre colnnion 
to all the experiments. Ferrous oxide \\-as by far the 
preponderant product with a nitroglycerin double- 
base poll-der. Hexagonal iron nitride formed a lesser, 
though atill appreciable, portion of the tota,l reaction 
product with IMR po~vdsr but \\-as absent 1vith the 
hotter FNII-M2 po~~-dar. This latter relation 1%-as 
fully confirmed in later \\-ark on the x-ray and chem- 
ical examination of erodctl bore surfaces, described in 
Chaptcr 12. The conclusion to be dmnm from the 
firings with the iron nitrides is that t,bey are unstable 
untlcr tlle temperature and pressure conditions of the 
experiments. The hexagonal iron nitride found in all 
the firings of iron and steel particles with single-base 
powder \\-as tliereforc presmuably forlncd as x second- 
ary product. 

14.5.4 - Mode of Forlliation of Nitrides 

The mechanism of the formation of iron nitride on 
a gun borc surface is far from clear. Tron does not 
react with molecular nitrogcn even a t  elevated tem- 
peratures and pressures; although a,t  partialpr pressure 
of 350 atm, which corresponds roughly to the maxi- 
rnrlnl po~vder-gas pressure in a gun, the solubility of 
lnolecular nitrogen, in gamma i~.on may rise to around 
0.4%.0 ~ ~ p o n  cooling and relea,se of pressure some of 
this nitrogen mrLg be ~.ele,zsetl rtnd form nitrides. 

rlnlmonia reacts ra,pidly 11-ith iron to forni nitrides, 
the reaction pl-ocecding by relca,se of monatomic ni- 
trogen a t  the surface. The amount of ammonia prcs- 
ent in the gases from an FNH-MI po~rder has beell 

See lootnote of Chnpter 12 011 pn.ge 248. 

Thcre are no expc~imental de,ta a t  such pressures. This 
value m-ns c~11col:~t;ed on the bn>sis t,hnt the solubility is propor- 
tional to the sqrlare root of the pressure. 



302 EFFECTS OF CONSTITUENTS OF POWDER GASES 

calculated to be roughly 0.2 ~nole % at  a gas temper- 
ature of 1800 K and a gas density of 0.3 g per cc, 
falling to 0.06% a t  1000 K and 0.1 g per cc.OO Gases 
of these compositions can be in contact with bore 
surfaces a t  much lower temperatures because imme- 
diately next to the bore wall the gases, although a t  
the bore surface temperature, probably have more 
nearly the equilibrium composition of the bulk of the 
gas in the tube. These low ammonia concentrations 
appear to be unfavorable to the formation of nitrides, 
particularly if the stability of thc nitrides is such that 
one must assume them to be produced late in the 
firing. However, the nascent hydrogen released a t  the 
surface whcn any ammonia present dissociates will 
favor a replenishment of the adsorbed layer of am- 
monia by reacting with molecular nitrogen. The sol- 
ubility of nitrogen introduced into gamma iron in 
this manner need not belimited to the amount of 
molecular nitrogen that might dissolve. 

Well-spheroidized carbides present in an alloy steel 
proved upon segregation to contain the total nitrogen 
of the steel, nitrogen being present to the extent of 
1 atom to every 23 of carbon. Because it was not 
possible from x-ray identification to dctect the pres- 
ence of a discrete nitride phase, nitrogen may have 
been present as replacement or "floating" atoms.Yk 
The available nitrogen being limited, this experiment 
does not establish the maximum extent of association 
of nitrogen with the carbides. This capacity of the 
carbides to scavenge the nitrogen lnay be important 
in reactions a t  the bore surface, where cementite is u 
commonly occurring product. The nitrogen thus con- 
centrated, if in sufficient amount, may separate as s 
discrete nitride phase on cooling, or possibly i t  may 
merely change the stability relations of the iron ni- 
trides at  the high temperatures reached by gun-bore 
surfaces. I t  is generally true that the iron nitrides 
appear in conjunction with carbide in the reaction 
products of an eroded bore surface.98 

While i t  is difficult with our present knowledge to 
understand the reason for the formation of nitrides 
of iron undcr the temperature conditions encountered 
during the firing of a, gun, the experiments described 
below indicate a high mobility of original and ac- 
quired nitrogen well below the bore surface combined 
with enrichment close to the surface. 

tion 14.5.1, showed an increase in nitrogen content 
near the bore surface. I t  has now been shown in the 
manner described below that this enrichment is not 
solely associated with a badly eroded surface but is s 
feature accompanying the first firings through a new 
barrel. These experiments were under ordnance con- 
ditions. 

In order to dctcct the penetration of nitrogen ac- 
quired from the propellant gases into the bore wall, 
the nitrogen atorns of the propellant were tagged by 
changing the ratio of tlle two stable isotopes of nitro- 
gen having masses 14 and 15'. This was accomplished 
by adding to a standard IMR powder for the caliber 
.30 rifle a small amount of ammonium nitrate that 
had been enriched in the rarcr isotope of mass 15. 

A caliber .30 Springfield rifle, M1903Al was assem- 
bled with an unproofed barrel and ten rounds were 
fired. Each round was standard in all respects except 
for the addition of 20 mg of the ammonium nitrate 
enriched with respect to nitrogen 15. The barrels were 
suitably cleaned and samples were taken by drilling 
along the axis of the bore. These samples were ana- 
lyzed for total nitrogen content, following which the 
residue of ammonium sulfate was treated to recover 
the nitrogen as the element. 

The atomic percentage of nitrogen 15 was then 
determined in these samples of nitrogen with a mass 
spectrornetcr. Ordinary nitrogen (for example, the 
original nitrogen contained in the steel) has 0.372% 
of nitrogen 15. The nitrogen in the propellant gases 
contained, by virtue of the addition of the ammonium 
nitrate, 0.642y0 of nitrogen 15. From these values 
and the atomic analysis of the nitrogen in a given 
sample i t  was possible to calculate that fraction of 
thc total nitrogen in the sample which is to bc attri- 
buted to the presence of propellant nitrogen. 

No experiment was performed to demonstrate defi- 
nitely a complete dissociation of the ammonium ni- 
trate but i t  is safe to assume complete dissociation in  

14.5.5 Experimental Determination of 
Nitrogen Penetration70 

Studies of badly eroded guns, as mentioned in Sec- 

The use of a radioactive isotope of nitrogen in the manner 
described in Section 14.2.3 for tracing carbon would have 
greatly aided an exploration of very thin layers. The half-lifc 
of radio nitrogen (10 min) precluded its use in this type of 
experiment; also it would have failed to show the leetures of 
cxchange withont enrichment. 
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view of the experience with bariun~ carbonate de- 
scribed in Section 1.4.2.4. It mas established that the 
ballistic level was unaffected by the addition of 0.6% 
by weight of ammonium nitrate in 3.24 g of the IMR 
powder. 

The results must be interpreted in the light of the 
follo\ving limitations. 

1. Measurements were made on surfaces which ex- 
tended over one-third to one-half of the length of a 
barrel. Consequently areal differences in nitrogen 
content and exchange may be averaged out to a large 
extent. 

2. The depth of any given cut was a t  least 0.0025 
in. (64p) and therefore a feature of the penetration 
occurring in a very thin zone would have been largely 
masked. This is unfortunate with respect to the in- 
crease in total nitrogen content of the surface cut, 
but is unimportant in discussing features of nitrogen 
exchange. 

14.5.6 Bore-Surface Temperatures7' 

No attempt was made to simulate bore-surface 
temperatures occurring in larger bore guns, as de- 
scribed in Section 14.2.4 for the work on carbon. 
The calculated maximum peak temperature of the 
bore surface was therefore around 630 Cgg for barrel 
C. Barrel R was fired a t  the rutc of about 1 round per 
second, which \vould raise this vallie for the last 
round by an estimated 60 C. These temperatures are 
somewhat in excess of the eutectoidal temperature of 
the iron-nitrogen system, which is about 600 C. 

14.5.7 Nitrogen Penetration70 

The results of the nitrogen penetration det,ermina- 
tiorls are sho~i-n in Figure 1.4. Barrel B was a six-land 
barrel made of WD 1350 steel ~ont~aining 1.5% of 
manganese but no chromiunl or molybdenum. Barrel 
C was a four-land barrel made of WD 4150 steel. The 
~~~~~~~~ing p0int.s are to be noted. 

1. Increase in total nitrogen content is confined to 
the surface cuts (the first and second bars of the 
graphs where lands and grooves mere separated). 

2. Nitrogen from the propellant gases penettrates to 
a comparatively great depth but merely replaces 
some of t,he original nitrogen with no changc in the 
total nitrogen content. 

FIGUEE 14, The penet~at~ion of nitrogen from propel- 
lant gases derived from IhIR powder into thc bore wall 
of unproofed caliber .30 steel rifle barrels. The bars 
indicate tot>al nitrogen content; thc black areas show, 
with a magnificatior~ of 5X, that portion of the total to 
be attribuled to nitrogen acquircd from the propellant 
gases. Nh, breech third of barrel U, Bc centtr l;hird of 
barrcl B, Bnr muzzle third of barrel B, Ch breech half 
of barrel C, Cm muzzle half of barrcl C. (This figure 
was based on Figures 2 an,d 3 in NDKC Report No. 
A-398.) 
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3. Nitrogen from the propellant gases is i.nsufficient 
to account for the increase in total nitrogen in the 
surface. I t  appears that displaced nitrogen below the 
surface eventually travels counter to the replacing 
nitrogen and is finndly located in the surface. This 
would provide a mechanism for the late format,ion of 
nitrides. In the light, ol present kno~vledge, no other 
explanation can be offered for this increase. 

4. In general, the proportion of nitrogen from the 
propellant gases is highest in thc surface cut but therc 
is a secondary ~naximurn n t  the surprising depth of 
0.015 l;o 0.025 in. (measured from the groove sur- 
faces) ~vithout any measurhable difference in, the total 
nitrogen content. 

5 .  The depth of the secondaryma,ximurn of nitrogen 
exchange is roug1il.y the same irrespective of the loca- 
tion in the barrel. I t  occurs somewhat closer: to the 
bore surface in barrel B subjected Lo rapid, fire and is 
absent in the muzzle third. However, t,his barrel had 
a diff'erenl; composit,ion from barrel C:. 

6;. The totta,l depth of nitrogen exchange is greetlest 
in the breech third of barrel B. This dcpth di&rs but 
littlc for the two halves of barrel C. The total rlepth 
of nitrogen cxcl-lange is greatest,, near the breech, in 
the barrel subjected t,o rapid fire; but again t,his dif- 
fcrence ]nay be due t,o the different composition of 
t,he steel. 

The high degree of mobility of nitrogen a t  rela- 
tivcly low temperatures is well ilhlstrated by these 
experiments, and, yet i t  appears that there is a strong 
controlling influence nrhich, ~vllile i t  permits the ex- 
change of nitrogen a t  depth, precludes any nleaaur- 
ablc addition of nitrogcn except to a layer right a t  
the bore surface. Soch aa  influence might be attrib- 
uted to the carbides which ~vould he present in 
fairly constant amount except right a t  the surface 
where a considerable increase in carbide contcnt is to 
be expected on the eviden.ce in Chapter 12 and in 
Section 14.2. If it is true th:tt in these steels the nitro- 
gen is completely associated with the carbides as was 
found tobe the case in a well-spheroidized alloy steel,95 
then excliange of nitrogen is associated with the car- 
bide grains. 

The subsurface maximum of propellant nitrogen is 
unexplained. At a depth of 0.02 in. the inaximu~n 
temperature near the origin of rifling during a single 
firing in a caliber .50 barre1.i~ about 100 C and about 
50 C near the m~zz le . "~  Jn a caliber .30 barrel t,hese 

ternperaturcs will be lowel*. I t  therefore appears that 
some ot,hcr variable than temperature may be morc 
important in controlli~lg penetration and exchange, 
perllaps the pressure of the powder gases or the mo- 
mentary stress configurations set up in t h ~  gun tubc 
during firing. (Sectinn 7.1 .) The remarkable similar- 
ity of the nitrogen exchangc over considcrable lengths 
of bnrrcl lends support to this argument. 

I t  can hardly be supposed that the surface increase 
in nitrogen is distributed uniformly throughout the 
surface cut of arbitrary tl-lickmess. It seems reasonable 
t80 assume that the incrcase in t o t d  nitrogen is largely 
confined to a 1a)yer of the reaction products. In the 
study of carbon pan,ctration the thickness of this 
layer could be determined. It was roughly Ip thick 
near the origin of rifling for a barrel initially a t  27 C.9" 
Table 6 indicates that the nitrogeii content in such a 

T n n r , ~  6. Nitrogen cor~tent or a layer of reaction prod- 
ucts 1 micron thick iC the increase in nit~ogen content 
of the surfacc cut is confined to wlch a layer. 

Ir~ol.ease in total Nitrogen in a 
Bwrel .nitrogen content surface layer 

and of the cut 1 micron t l ~ i c k ' ~  
locatiot~ (per cent) (per cent) 

B s ~ r e l B  Lands 0.0029 0.26 
Breech third Grooves 0.0016 0.16 
Barrel C Lands 0.0040 0.37 , 
Breech half Grooves 0.0009 0.08 

* Dcnsits aaaumed to bc thc same as that of the stccl. 

layer would not be unreasonably lal~ge and that tlis 
concentration on the lands woultl be higher than in 
the groovcs. In analyses of surlace flakes rcmoved 
from thc eroded bore surface of a. 3-in. gun by 
the method described in Section 11.4.4, the flakes 
from the lands contained 3,.1% nitrogen while the 
flakes froin the grooves showed only 0.3% nitrogen,9n 
which yields a ratio roughly the sarne as for the hypo- 
thetical calculation in Table 6 for barrel C. It appears 
that nitride formation is inore severe on the lands of 
a gun than in the $moves. A further discussion of the 
ana.lyscs of the flakes mentioned above may be found 
in Scction 32.5.2. 

Metallographic observations of cross sections of 
barrel B showed no development of craclrs and 
no discernible change of structure caused by the 
firing. 
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14-' REACTION OF T-HE IND'IVTDUAL 
POWDER GAS C0:NSTITUENTS WITH 

G-UN STEEL 
14.6.1 Introduction 

The erosive s.ction of 8, single constituent of the 
po~vder gas cannot be st,udied by zttaiizing the con- 
ditions of temper.a,ture itacl pressure directly from the 
chcmical energ- of an explosion. An ideal metbod 
consists of compre,ssing the gas adiabatically n-hile i t  
is confined by a rupture disk which breaks and re- 
leases the gas through thc specirncn after the neces- 
ss1.y tempera1;ure and pressui9e hsvr: been reached.lOl 
This constitutes a ra,dic,al depa~bture from ordnance 
conditions, but i t  is only by experiments oi this type 
that one can appraise the erosive action of an individ- 
ual constit,t~cnt and follow the changes of such act,iori 
with the a,ddit,ion of the othcr constituents in mix- 
t,ures of progressi\-ely increasing complexity. Fwthcr, 
i t  should he possible to separate purely thermal effects 
from chemical effects by the use of an incrt, gas sut:h 
as argon. 

14.6.2 Surrlmary of Results 

A study of erosion and tlze nature of reaction 
products t , l~at  result -n.l-len appropriate single gases 
ancl c,ombi~lat,ions of tliese gases are heated by adia- 
bxtic compression aizd passecl over t,he surfaces of gun 
steel dicl not pmvide n i ~ c h  inforn~at~ion. This was 
alinost ccrta.inly due to the li~llitat~ions of the gas 
ca.pa,city and cnergy of the available apparatus. 
Many gases anti mixtures w-ere used but only oxygen 
produced a ~nc:isura,ble erosion. Of the scveral knolr-n 
reaction products (described in Cha,pter 12) tlrr:tt are 
found on the bore surface of 41 gun1 only ma,gnetitc 
could bc ident,ifie,d by electron c.liffractionl" as a 
produch of the gas-steel interaction in these experj- 
mcnts. Other compounds \\-\-ere either deblis or un- 
l;ao\\;n substances. 

Considerable thought was given to the fundamen- 
tal recl~~ircments and to the design of an apparatus to 
overcomc the limitations of gas capacit,y and cnergy. 
The -\I-orli \\-as clisconthued because of more pressing 
investigation:;. continu:~t,iou dong the lines sug- 
gested here sl-lonld yield vahlable inf'ormttt,ion. 

lnens were of two t,ypes and were lllade of SAE 4140 
steel obtained from a 6-in./25-ca1. gun. For the deter- 
inination of erosion by weight loss, disks \)-ere used 
.c\,Ilich1~er.cO.O6in. thiclc with center holcs, 0.014,0.022! 
or 0.031 in. in diameter. For ex:~,mination by vjsual, 
x-ray, or. clectron diffraction rriethoils the specimen 
consisted of two small rectangular blocks, with the 
pertinent surfaces polishcd, whicl~ were clamped in a 
holder SO as to form a Slit about 0.010 in. wide. I t  is 
important to know the pressure-time relation I\-hich, 
apart from interest in this relation itself, yields the 
data 1x1 calc~lat~e gas t,emperaturc. A novel form of 
piezoelectric grluge 11-tls incorporated in the appara- 
tus. Experiniexlts were conducted with helium, argon, 
nitrogen, hyclrogcn, oxygen, carbon monoxide, car- 
bon dioxide, air, and such mixtures as are indicated 
jn Table 7. 

r 7 I-~BLE 7 .  3'lasimum temperature ltr~d pressure of 
adiabt~tically compressed gases in a series of tests for 
the erosive action orr gun steel.1o1 

Gas Mazim~ulni R!Cexirn~~m 
composition pressure* t>cmnperatnre * 

(vol %) (atm) (c) 
!)!>4N2, +02 800-1 150 1600-1750 
Argon 750-1030 3400-3800 
Tlydroge~l 1200-1800 1750-2000 
!><).ih-!, +f12 900-1 100 1650-1750 
Hydrogen 3.300-3000 170&2100 
98 CO, 2 0 ~  I 000-1600 1.550-1500 
il mixturcf 1300.-2800 1260-1500 
!)!,gCO, +H?S -- 650-1.850 1600-2 100 - 

* T h e  two values iodicntc tlte limit of scitttcr i r l  10 shots. 
t 36 CO?. 36 1 1 2 ,  17 CO, 11 X:, which is a mixture with approsirnatc1~- 

the mule o.tomil; com~~osit ion as nitroccllolo6e. 

14.6.4 Te-rnperature an.d. Pressure 

The ratio of the final temperature T2 of the gns to 
its initial temperature T1. is s function of the rutio of 
the final pressure Ps to the init,ial pressure f', as cx- 
pressecl by equation (I)! 

. . 

in ~vhich l? is the gas constant and C ,  the specific 
heat a t  constant volume. The final gas pressure is 
theoretically proportionad to the initial pressurc for 
a given gas and s fixed amount of work. 

Unfort~~nately, a djfficnlty with the available ap- 
paratus was t~ bouncing of the piston and falling 

The appsrstus for adiah~~tic  cornpression expcri- 1~eig21t combination tha,t is well illustrated jn a rep- 
merits lias bcen describccl in Section 11.3.1- Speci- reseritiltive -pressme-time record in Figure 15. The 
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gas was sometimes compressed and re-expanded sev- 
eral times, wit,h the result that a major portion of i t  
escaped while the pressure and temperature were low. 

Table 7 gives the maximum pressures and temper- 
atures attained by various gases and mixtures and 
indicates the variation from shot to shot. When thc 
maximum recorded pressures in Tablc 7 are compared 
with those of the powder gases,Io7 i t  is found that 
these pressures exceed the partial pressure of nitrogen 
and hydrogen in a gun but are about correct for car- 
bon monoxide. The total pressure is somewhat low 
for the mixture simulating the compotiitioa of nitro- 
cellulose. I t  is important to note, however, from 
Figure 15 that, whereas the total time of efflux was 

FIGURE 15. Oscillograph record of the prcssure as a 
fun~t~ ion  of time in the apparatus for compressing gases 
adiabatically. The dotted line is the 600-atmosphere 
ordinate. The time signals on the abscissa are I insec 
apart. (This figuw appeared as Figure 6 in NDRC 
Report No. A-429.) 

of the desired order of magnitude, these ordnance 
pressures were sustained for only- a fraction of the 
total time and that the specimen was alternately ex- 
posed to cooled gas and gas a t  the desired temper- 
ature and pressure. 

It is more difficult to  evaluate the appropriateness 
of the gas temperatures. Spectrophotometric meas- 
urements of the gas temperatures in a gun reported 
in Section 2.5.5 would indicate that the maximum 
temperatures in Table 7, with the exception of argon, 
are sometvllat lowcr than desired, particularly for the 
mixture. 

weight loss or increase in bore diameter of the spec;,- 
mens. Oxygen alone gave an appreciable effect. In. 
three shots the bore enlarged from 0.014 to 0.15 in. 

14.6.6 Reaction Products 

The surfaces of the blocks subjected to the action 
of the gases i r t h e  slit were studied by the methods 
of x-ray ~ tnd  electron diffraction (Section 11.5.2). The 
action of nitrogcn indicated no change, but with air 
x-ray patterns of austenite, magnetite (FesOd), and 
a trace of ferrous oxide (FeO) were obtained in addi- 
tion to those of the steel. 

Some 18 specimens were studied by electron dif- 
fraction137 including those subjected to the gas mix- 
tures in Table 7. The only product which w-as prob- 
ably formed by a gas-steel interaction was magnetite, 
which was sometimes identified, particularly when 
small amounts of oxygen were added to the gases. In 
a study of the action of propellant gases on gun steel, 
a very thin film of magnetite was often found cover- 
ing other reaction  product^,'^ but although the me- 
thods devised to expose these subsurface reaction 
products to the electron bea,m were applied in detail 
to the present specimens, no underlying products 
mere identified. 

On many of the specimens subjected to multiple 
firing, 5 to 1.0 shots, there was evidence of debris in -. 
the form of degenerite graphitic carbon, loose mag- 
netite, and organic compounds that resulted from a 
deterioration of the packing. This undesirable feature 
was eliminated by firing a single shot. 

In many cases part of the pattern was not .iden- 
tified, but this unknown pattern was only identical for 
three specimens subjected to nitrogen. Of the known 
substances that result from the interaction of propel- 
lant gases with gun steel such as cementite (Fe3C), 
iron nitrides (Fe4N and FezN,), complex iron cya- 
nides, wiistite or ferrous oxide (FeO), austenite (gam- 
ma-iron containing dissolved C or N or both) and 
magnetite (FeaOd), only magnetite was identified. 

The requirements necessary to duplicate the sever- 
ity of the usual vent-plug test for erosion are outlined 
below. The t>est,s performed were only about one- 
tenth as severe and it is apparent that the conditions 
of these tests were too mild. 

Air, helium, nitrogen, hydrogen, carbon dioxide, As a r e~u l t  of the experience gained with the avail- 
and carbon monoxide failed to produce a measurable able apparatus and a study of its shortcomings indj- 



ertted in the preceding sections, the experimenters 
were able to outline the following reyuirernents for 
a,n adequate apparatus and to suggest a possible 
design of this apparatus. 

1. A sisfold increase in the mass of gas. 
2. An increase in the energy per unit mass of gas by 

a factor of 1.5. 
3. A mertns of arresting the compressing mechan- 

i s ~ n  so that the gas is not alternately compressed and 
rc-expanded. 

One solution ~vould be to increase thc dinlensions 
of the already bulky apparatus by a factor of about 
1.8 but a major difficulty ~ ~ o u l d  arisc in providing 
for requirement (3) above. 
iln apparatus which was to havc heen built is 

shown schematically in Figure 10. Encrgy is derived 
lrorn a solid propellant burning in the cylinder on the 
left. The gas is compressed in LL singlc-stroke t~vo- 
stage compressor on the right. The Iargc-bore piston 
head shears off a t  the end of the lo~v-prcssure stage 
~ ~ n d  permits the small-bore piston to complete the 
strolre in the high pressure cylinder of much smaller 
diameter. The piston arrester c:onsists of two wedging 
1)locks that are t,ripped by the passage of the head of 
the driving piston and thereupon close together be- 

hind this h.ead. The thrust that these blocks must 
,withstand is materially lessened by introducing the 
small-bore cylinder for the final compression. Such an 
apparatus should be extremely useful in stndying the 
thermal or chemical effects of gases a t  high tempera- 
ture and pressure on a variety of mstcrials when i t  is 
desirable to choose a specific gas or a combination of 
gases other than the qualitatively invariant mixture 
from 3, propellant. 

Any mdical modification of the propellant that 
might suppress one or more of the undesirable re- 
actions of the constituents of the powder gases .~vitll 
gun steel would require a vcqr extensive research. A 
few experiments, describetl in Section 15.6, were per- 
formed to tcst the possibilitice of s slight but prac- 
tical chsngc in the powder. It is noit- possible to state 
as a broutl principle that double-base powders, which 
have high flame temperatures and give gases rich in 
carbon dioxide, causc oxidation of the bore surface, 
while the cooler single-base powders, which 
more carbon monoxide, are largely darburiziig 

PISTON ARRESTER 

I ~ G I J R E  16. Sketch of an 1zpp8,mtiisddcsigncd to compress gmcs adiabatically whicli slioulcl perform n-ithout Ihc un- 
desirable features jnhcrcrlt in the available conlp~cssor. (This figure nppearcd as Figure 7 in KDR.C Report No. A-429.) 



Chapter 15 
I 

EROSION OF GUN STEEL BY DIFFERENT PROPELLANTSa 
B y  John N. Hobstettert 

15.1 INTRODUCTION 

T HE TESTING of gun steel with different propellant 
powders was undertaken by Division 1, NDRC, 

with a triple aim : to develop accelerated methods for 
testing and rapid classification of powders according 
to their erosiveness, to classify many powders on a 
scale of relative erosiveness, and to discover relation- 
ships between, observed erosive effects and funda- 
mental properties of the powders. These three aims 
were amply realized in the course of the extended 
program of testing. 

A survey of the literaturc16 hhad shown that the 
dependence of the magnitude of erosion on the type 
of propellant had been suspected as soon as nitrocel- 
lulose powders were introduced. Experimental firing 
had proved the point that not only was double-base 
powder more erosive than single-basc powder but the 
amount of erosion with each type of powder depended 
on the barrel temperature. Vent-plug tests, in which 
erosion was predomirlantly by melting (as was the 
case also in the cxperi~ncnts described in Section 
14.3.2) had shown a rough correlation between ero- 
sion and the flame temperatures of the powders. 
Division 1 was able, by conducting an extensive series 
of accelerated tests under carefully controlled con- 
ditions of different degrees of severity, to determine 
quantitativc relationships among types of powders, 
their properties, and the type and magnitude of ero- 
sion for many different powders. 

Two djfferen.t approaches were made to the prob- 
lem of a.cceleratetl testing meth.ods. The most direct 
one was the actual firing of gun steel barrels with the 
different propellants under conditions of high veloc- 
ity (3,300 fps) and of hypervelocity (3,600 fps). The 
less direct approach simulated firing conditions in a 
gun (except for the effects produced by a projcctile) 
by means of a vent plug. The former provided ade- 
quate data on the erosion of gun stecl in the course 

of less than 500 rounds ; the latter provided such data 
in the course of 15 rounds. Agreement between the 
results of the two methods was in general quite good, 
although some interpretative difficulty was found in 
the case of the vent-plug results. 

Both methods led to orders of erosiveness among 
the various powders tested which were in substantisl 
agreement. Generally speaking, the powders were 
found to fall into three groups: those of low erosive- 
ness, those of internlcdiate erosiveness and those of 
high erosiveness. The ordering of the powders within 
the groups tended to differ somewhat according to 
the method of testing. 

I t  was found that under conditions giving a con- 
stant ballistic level, the observed erosion, particularly 
the measured dimensional change in a barrel, is re- 
lated to the flame temperature of the powder or to 
the heat input to the barrel during firing. The form 
of the relation is such that a greater an.d more rapidly 
increasing erosion rate accompanies higher flame 
temperatures. Thus, under constant known firing 
conditions, powders may be classified on a scale of 
relative erosiveness according to their flame temper- 
atures. 

These results should not be taken to mean that the 
high temperature ttlonc, through melting of the bore 
surface, provides the erosion mechanism. Rather 
they mean that temperature is the gencral regulator 
of whatever erosion mechanisms do operate, such as 
chemical attack by the powder gases and deformation 
and abrasion by the bullets. X-ray diffraction and 
metallographic studies rnade of th.e barrels tested in 
this program shed considerable light on these mech- 
anisms and their dependence on temperature. They 
supplied much of the data upon which the discussion 
of Chapters 12 and 13 is based. 

I t  was considered possible early in the program of 
Division 1, as was mentioned in Section 14.1, t,hat 
certain studies might indicate ways in which propel- 
lants could he modified in order to mitigate erosion. 

lL This chapter is based in large measure on :t comprehensive The results of investigations described in this and the 
NDBC reportL2a that contains details about the tests of three preceding chapters indicated that increase erosiveness ol propdlants. 

in gun life might be possible by only a slight zlltera- 
b Instructor in Department of hletallurgy, Harvard Uni- 

versity. (Present address: Department of Engineering Sciences tion of powder compositions but that no great ixn- 
a,nd Applied Physics, I-1:trvird University.) provement could be expected in the case of fiteel guns 
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unless powder cornpositions were radically changed. graved and artillery-type bullets. The third series 
The modification of propellants is discussed at  the end mas carried out a t  a higher ballistic level with prc- 
of this chapter in Section 15.6. engravcd billlets and included a study of erosion after 

the firing of 1,5,10, and 70 rounds, respectively, for 
each powder. 

16.2 METHODS OF TEST Ballistic Levels. Tests with pre-engraved bullets 

15.2.1 Caliber .50 Erosion Testing Gun 

The caliber .50 erosion-tcst,ing gun, described in 
Section 11.2.1, consists essentially of a monobloc, 
45-in. caliber .50 heavy barrel with the origin of rifling 
and bullet seat shaped to receive a 20-mm cartridge 
case necked down to hold a calibcr .50 bullet. The 
barrels used in the gun in the testing of different 
propellants were monobloc barrels made of W13 
4150 modified gun steel. Chemical analyses of two 
representative barrels are given in T:lble 1. 

TABJZ 1. Chclnical a~lalyses of two representative bar- 
rels used in the caliber .50 erosion-testing gun in per 
cent. 

Element Barrel D-31 Barrel n-72 

Carbori 0.56 0.87 
Manganese 
Phosphorus 
Sulfur 
Silicon 
Copper 
Nickel 
Chromiu~n 
Vat~rtdi~un 
Molybdenum 
Tin 
Ahllninum 

l'1b-0 types of bullets were fired : pre-engraved and 
artillery-type, both of \\-hich are described in Section 
11.2.1. The use of these two types of bullets per- 
mitted, by co~nparison, a considerable separation of 
the erosive effects of the hot gases from those of en- 
graving stresses and friction. Thus, a good measure 
of the erosion caused by a given propellant alone 
could be deduced. 

Three different series of tests of various powders 
were carried out with the erosion-testing gun. Two of 
the series involved the use, respectively, of pre-en- 

were made with the charges adjusted to give muzzle 
velocities of 3,300 + 50 fps with each powder. This 
velocity  as the highest attitinable with t~ full case of 
the powder having the loivest potential. 

Tests with artillery-type bullets were made with 
the charges adjusted to give lnaximurn powder pres- 
sures of 56,000 to 55,000 psi (copper) with each 
powder. 

Tests a t  higher ballistic level with pre-engraved 
'bullets were made with charges adjusted to give 
muzzle velocities of 3,600 fps whenever possible. 

Firir~g Schedules. The same firing schedule was 
followed in all tests. The rate of fire was 4 rounds per 
minute, the rounds being divided into three groups : 
10 rounds for measurement of pressure and velocity, 
55 rounds for erosion, and 5 rounds for bullet re- 
covery. This cycle was repeated until the end of each 
test. 

Pressure arid Belociky. As shown in Figure 1 of 
Chapter 11, the chaniber of the erosion-testing gun 
is fitted xvith a copper crusher gauge for the measure- 
ment of nlaximum powder pressure. The accuracy of 
this gauge is estimated a t  5 per cent, but i t  js recog- 
ni.zed that in the determination of pressure, the values 
given by such a gauge are considerably 1011-er than 
the true pressure. Increasing the value of the "copper" 
pressure by 20 pcr cent makes i t  approxinlately equal 
to the pressure as measured by a piezoelectric gauge. 

Mcasurernents of velocity were made by means of 
two screens connected to an Aberdecn-type chrono- 
graph. The velocities reported are instrumental ve- 
locities a t  26 ft from the muzzle and it is estimated 
that, the deviation of any single ve1oci.ty from the 
mean is no greater than 0.5 per cent. 

Erosion Rate. The erosion of the gun barrel was 
detected 01. n~easured in various mays: by dimen- 
sional changes in land and groove diameters, by 
changes in maximum pressurc and muzzle velocity, 
by changes in accuracy, and by the changes in the 
engraving observed on recovered bullets. 

T11.e land and groovc ciiarneters were measured by 
tn-o series of plug gauges. Those for the lands ranged 
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from 0.400 in. to 0.5:IB in. in steps of 0.002 in. while 
those for the grooves were inversely rifled and ranged 
from 0.511 in. to 0.529 in. in steps of 0.002 i.n. With 
these gauges, 1an.d an.d groove profiles were obtained 
a t  various stages during the tests. 

Pressure and velocity measurements werc madc 
during the first 10 rounds of each group of 70 rounds 
of the firing schedule. 

The accuracy mas determined a t  various stages by 
calculating the mean radius of dispersion on targets 
made by the 55 erosion rounds a t  100 f t  from thc 
muzzle. 

Bullet recovery mas ma,de in sawdust and band 
diameter and width of engraving were measured. Any 
1)ody engraving was also noted. 

Limited alnounts of the special powders tested pre- 
chided any exha,ustive study of the reproducibility of 
erosion as measured by these procedures. However, 
several pairs of check tcsts were made and they gave 
results in excellent agreement with one another. 

Heat I ~ ~ p u t .  The heat input to the bore was cd- 
culated from temperature-time curves which werc 
recorded with thermocouples asd Speedomax reoord- 
ers. Special barrels with mall sections machined down 
to % in. near the origins of rifling were used in making 
these measurements and the thermocouples were 
placed a t  several positions along the thin wall, as 
described in Section 5.3.4. Heat input values were 
~neasurcd'~ for the firing of each of several rounds 
with loading conditions of the various powders the 
same as in erosion tests. 

Metallo~ra,phic Ch,a?zges. Scctions of the fired bar- 
rels were examined metallographically in order to 
detect changes in the condition of the bore surface 
and in the microstructure of the gun steel. These 
studies were more related to the mechanism of the 
erosion than to the amount of erosion. 

X-Ray Studies. The bore surfaces of the fired bur- 
rels were studied by x-ray diffraction in order to iden- 
tify the erosion products remaining on the bore sur- 
faces. These studies mere also related to the erosion 
mechanism rather then to the amount of erosion. 

15.2.2 Erosion Vent P1,ug 

An independent experimental study of the erosive- 
ness of many of the powders which were tested in the 
erosion-testing gun was made using the vent plug 
techniqm described in Section 11.2.3. Results ob- 
tai.ned by these two dissimilar methods of study pro- 

vide cor~*oborative checks on the behavior of the 
propellants. 

Thc explosion vessel, which could be ~lectrically 
fired, contained a spherical chamber which commun- 
icated with botha detachable erosionventolcylindrical 
shape and a piezoelectric pressure gauge. The vent 
was closed a t  its muzzle end -with a calibratcd brass 
rupture disk. The explosion vessel had a chamber 
volume of 24.3 cc and, together with it,s fittings, was 
made of NH 9450 stteel. 

V e n t  Plugs. The cylindrical plugs for the powder 
testi,ng program \Irere made of SAE 4140 gun steel, 
heat treated to a hardness of Rockwell C-18 as meas- 
ured a t  the extremities of the cyl.inder axis before 
drilling of the vent. The length of the plugs was % in. 
Since preliminary work showed that the erosion of 
vents increased with thc roughness of the interior 
vent surface, i t  was decided to make that surface t,he 
smoothest practicable. This aim was accomplished 
by first reaming the vents 0.0005 in. undersiac and 
then lapping the surface to final dimensions. 

Rupture Disks. The rupture disks were stamped 
from a single sheet of yellow brass having a thickness 
of 0.042 f 0.001.7 in. and very uniform hardness. 'l'he 
rupture area was 0.049 sq in. These disks were cttli- 
brated quite simply by firing increasing charges of 
FNH-M2 powder and observing the pressure-time 
curves. It was found that rupture of the 0.042-in. 
disk occurred at  25,000 -1- 1000 psi and the detel-mi- 
n,ation mas later confirmed through the use of an 
automatic recording of the instant of rupture on the 
pressure-time curves. The device consisted of a fine 
wire stretched before the rupture disk which brolre, a t  
the instant of ruptme and in so doing caused a sudden 
change in the potential across the recording oscillo- 
gro,ph. 

Ideal operation of thc vent-plug apparatus ~voulrl 
pcrmit each shot with any powder to build up powicr 
gnscs to the same n~aximu~n pressure, \vhereupon 
these gascs would suddenly sweep through the vent. 
In thls manner, erosion in the vcnt would be quite 
independent of the burning characteristics of the 
various powders and would reflect only the cffcct of 
the gases themselves. Tn practice this ideal is difficult 
to achieve primarily bccausc ol small variations in 
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bot,h the luasinluln pressures and rupture pressures 
from round to round. Thus, if the charge is so ad- 
justed that the maximuin pressure is about th.e same 
as the rupt>ure pressure, a large number of failures of 
disk rupture are encountered. This difficulty was 
avoided by using charges of the different powders 
which yielder1 lnaximum pressures about 3,000 psi 
higher than the rupture pressure. Only a vcry sri~all 
overlap oi burning and erosion times was th1.r~ per- 
mitted. 

Cha,rge L)etei.~,ainalion. Determination of the proper 
charges of the various po~vders tested was made by 
trial and error. A tendericy for the peak pressure to 
decrease with increasing vent size \$;as noted, but i t  
was felt that the order of magnitude of the variation 
was too small to have an appreciable effect on the 
erosion. 

Venh Sixes. Ordinarily 4 degrees of severity of test 
were provided by the use of vent,s of four different 
internal diameters : vj, g, %h and %j in., in order oi 
increasing severity of t,est. RDX powders were tested 
with vents of tjhree different si.zes: %, %, and x6 in. 
Tolerances were held to 0.0005 in. for the larger vent,s 
and 0.001 in for t>he ;~l;~-i.n. vent. 

Measuren~cnts. Erosion \\-as produced by the firing 
of repeated rounds ~vitli various powders a t  c:tch of 
the levels of severity afforded by thc different vent 
sizes. Two identical vent plugs of cach size were tested 
~vith each pol\-der, the plugs bcing alternated so as to 
subject them as ncarly a8 possi1)le to equal treatment. 
These two tests provicled checks on one another. 
Each plug II~LIS 11-cighed to the nearest milligram a t  
the conlpletion of 1, 5, 10 and 15 rounds after having 
bcen gently scraped, swabbed with acetone and with 
alcohol, and carcfullp dried. Erosion was reported in 
terms of the weight loss of each plug. 

Vatilliky of Mea.suremnentts. I t  \\;as found that the 
deviation from the mean \I-cight loss of the t\vo check 
runs in each pair of tests was quite small, being of the 
order of 10 per cent for the %-in. vent tests and 
possibly even smaller for the slllaller vents. 'i'hcsc 
de~iat~ions were also slllaller after 15 rounds than 
after 5 or 10 rounds. I t  \\-as inferred, t)herefore, that 
reproducibility of these tests was adequate. 

such coolirlg n1igh.t differ widely in different t ~ s t s . ~  
Accordingly the rate of pressure change with time 
just after the end of burning of a slow-burning pou- 
der me,s measured st various densities of loading. 
From these results it was found that the cooling rate 
for the powder gas was such that its temperature 
could not have fallen more than 10 C diiring the 
4-nlsec pcriod required for the burning of this po~vder 
prior to thc rupture of t,he disk in one of the erosion 
vent experiments. Therefore i t  \\-as assumed that gas 
temperatures for all the powders a t  the beginning of 
erosion were essc:ntially eclual to the adiabatic flalnc 
temperature. 

At any stage after rupture, both experimental and 
theoretical results indicate that all gas temperatures 
:Ire similarly related to the respectivc adiabatic fla,me 
temperat~~res of their powders. I t  follo\vs, then, that 
direct comparison of weight losses of the veut plugs 
permits an accurate deterniination of the relative 
erosiveness of the various powders urhich is depend- 
ent only on the flame ternpcratures ant1 chemical 
properties of those po~r-ders. 

1s.a.3 Powders '.l?ested 

,I total of 21 different pol\-ders -\\.as tested in either 
the caliber .50 erosion-testing gun or the erosion vent, 
plug, most powders being tested in both. Charac,tcr- 
istics of the po~vdcrs and the methods of testing tliem 
are given in Table 2 where they are listed in order of 
increasing adiabatic flanic temperature. The powders 
were all of standard lots except lor those for ~ ~ h i c h  
the experimental lot numbers are given in column 2. 
Thc latter were supplied by Division 8, NDRC. The 
adiebatic flame temperatures given in column 3 mere 
c:llcnlated according to the method describer1 in Sec- 
tion 2.4.3. The numbers in column 4 clcsignate the 
types of test to ~vhich thc powders were subjected, as 
follo~~-s : 

1. Erosion-tcsting gun with pre-engraved bullets. 
2. Erosion-testing gun with artillery-type bullets. 
3. Erosion-testing gun with pre-engraved bullets st, 

high ballistic level. 
4. Erosion vcnt plug. 

The temperature of the explosion chamber varied 
some,,.hat from test to test, but i t  ,I-as deterInhied by Tn espwiments conducted a t  Explosives Research Laho1,- 

atory under the supervision of Division 8, NDRC, some incli- 
direct experiment tha,t these variations had negligible n-as obtllined during burning was the 
effect on tfhe results. same for a large gr:lnulation as for a, small e;ranudat,ion of t,hc 

~ t t ~ ~ t i ~ ~ ~  I)-as paid to the possibility that the same p o d e r ,  because the integrated turbillence was the same 
in each case." (Personal cornrnurliclttion from Dr. J. F. Kin- 

der gases nlight bc cooled considerably before coming ,,id. formerlv of the Exuioslves Research J,aboratorv. after 
0 ,  

in contact vit,h the vcnt plugs and that the extent of having revien-ecl the manu~cript 01 this chapter, .July 24,1946.) 
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TABLE 2. Characteristics and methods of test of the various powders.* 
- 

Flame Specific heat a t  Impetus of 
temperature constant volume powdert 

Powders Lot No. (K) Tests (caJ/gram) (Ct-lb/lb) 

. . . . . .  . . . . . .  R.DX 5060 2320 1 

. . . . . .  . . . . . .  RDX 6079 2465 4 
Cordite N . . . .  2469 1, 2 0.3616 335,000 
FNtI/P . . . .  2480 I ,  2 , 4  0.3456 310,000 
FNH-MI . . . .  . 2483 1, 2, 3, 4 0.3456 310,000 

. . . . . .  . . . . . .  RDX 5061 2560 1 
RDX 6080 2611 4 . . . . . .  . . . . . .  

. . . . . .  . . . . . .  NR-MI (3727) f 2651 4 

. . . . . .  NH-MI 4974 2696 4 " . . , . .  

. . . . . .  . . . . . .  RDX 6081 2713 4 
NI-X-MI . . . .  2807 1, 2 0.3425 328,010 
Pyro . . . .  28'14 1, 2, 4 0.3692 327,490 
Cordite NQ . . . .  2864 1, 2 0.3588 363,000 
IMR . . . .  2938 :L, 2, 3, 4 0.3381 344,000 

. . . . . .  R.DX 6082 3003 4 . . . . . .  

. . . . . .  . . . . . .  RDX 5059 3080 2 
FNH-M5 . . . .  3268 :I, 2 0.3445 362,750 

. . . . . .  . . . . . .  RDX 6083 3302 4 
PNFI-M2 . . . .  3563 1, 2, 3, 4 0.3439 384,000 
Ballistite (40% NG) . . . .  3945 3 0.3393 410,400 
Ballistite (60% NG) . . . .  4300 3 0.3390 441,400 

*This tltble has been compiled from Tables I. IT, XXlX, and XXXVs oI the NDRC report'23 on tlliv subject, which also gvcs dctailed descriptions 
of the powders. 

t Defined in Section 3.2.3. 
.I Powdcr for  37-mrn uun M1916; standard lot No. 3727. 

TABLE 3. Firi11g conditions for different powders in the erosion-tcsting gun. 
-" 

Lot~ding Ma.ximum Initial. 
Web Charge density pressure velocity Ror~nds 

Powder (in.) (grains) (g per cu cm) [psi (copper)] (fps) f i~ed  

RUX-5060 
Cordite N 
PNH-MI 
FNH/P 
NH-M1 
Cordite NQ 
RDX-5061 
Pyro 
IMR 
PNH-M5 
FNH-M2 

Cordite N 
FNH-M1 
FNII/P 
NH-MI 
Pyro 
Cordite NQ 
IMR 
FNH-M5 
FNR-M2 

IMR. 
FNH-M2 
40% NH 
60% NC 

A. Charges to give initial rnunale velocities of about 3,300 fps with pre-engraver1 bullcts. 
0.019 385 0.762 47,800 3,367 
0.01.86 415 0.822 54,835 3,302 
0.0200 420 0.832 55,525 3,335 
0.0234 425 0.842 52,123 3,300 
0.0262 415 0.822 55,600 3,365 
0.0181. 345 0.683 57,509 3,353 
0.025 380 0.752 49,710 3,356 
0.0245 405 0.802 56,100 3,288 
0.0318 425 0.842 46,880 3,326 
0.0338 360 0.713 46,460 3,305 
0.0350 350 0.693 40,600 3,324 

13. Charges to  give maximum pressures of about 57,000 psi (Cu) with artillery-type bullets. 
0.0255 440 0.893 57,920 3,290 
0.0241 425 0.862 56,375 3,252 
0.0240 425 0.862 57,615 3,286 
0.0294 425 0.862 58,120 3,280 
0.0285 425 0.862 53,000 3,210 
0.0244 420 0.853 55,685 3,434 
0.0338 425 0.862 56,700 3,428 
0.0454 385 0.782 56,920 3,437 
0.0461 400 0.812 67,935 3,458 

C. Charges to  give initial velocities of 3,600 fps with pre-engraved bullets. 
0.0318 476 0.941 58,000 3,600 
0.0350 395 0.782 58,000 3,600 
0.0490 390 0.762 58,000 3, 600 
0.0395 330 0.654 58,000 3,600 
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Colunln 6 gives the nominal specific heat a t  constant DISTRIBUTION OF EROSION 
volume ancl colun~n 6 the nominal impetus of thc 
powder. Both were calculated according to the 
metl-rod of Hirschfelder.2G 

The loading conditions in the various tests varied 
widely so as to maintain the desired ballistic level 
with each of the different powders. Firing data are 
givcn in the three parts of Table 3 for the three series 
of tests in the erosion-testing gun and in Table 4 for 
the ttests with the erosion vent plug. 

TABLE 4. Firing conditions for diffcrent powders in the 
erosion vent plug chamber. Charges to give maximum 
pressures of 28,000 psi (piexn). 

Maxinlunl pressure 
Vicb Charge (for %-in. vent) 

Powder (in.) (g) [psi (piezo) 1 
. . . . .  RDX-6079 . . . . . .  4.0 

FNJI/P 0.0106 4.4 29,000 
PNH-MI 0.0105 4.4 28,500 
IZDX-6080 . . . . . .  3.0 . . . . .  
NII-M1 * 0.0120 3.18 28,500 
NH-M1 0.01 1 4.2 29,000 
1tDX-608'1 . . . . . .  3.8 . . . . .  
Pyro 0.0089 4.0 29,000 
I Mlt 0.0099 3.97 28,000 

. . . . .  XZDX-6082 . . . . . .  3.7 
RDX-6083 . . . . . .  3.4 . . . . .  
PNH-h12 0.01 5 3.6 28,000 

*Powder for 37-mm sun h11916; standard lot No. 3727. 

15.3 TESTS IN CALIBER .50 

EROSJON-TESTING GUN 
15.3.1 D.imensiona1 Erosion Rate 

At frequent intervals in the course of the testing of 
each poll-der in thc erosion-testing gun the barrel was 
removed f ~ o m  the gun assembly and measured in- 
ternally with plug gauges. These measurements mere 
expressed in terms of the observed increase in land 
diameter AL 2nd in groove dialnetor A 0  a t  vai:ious 
points along the bi~rrel. Plotting both AL and AQ 
versus distance from the origin of rifling gave a 
double erosion-distribution curve for each stage of 
tlie test. 

The progress of erosion a t  each point along the 
bi~rrcl was easily obtained by comparing the erosion- 
distrihutio11 curves at  different stages during the test. 
Data talceri from these curves pernlitted the plotting 
of AL and AG versus number of rounds for any given 
position along the barrel. 

Pre-engraved Bullel Series. Separate distributions 
of land and groove erosion as measured, by plug 
gauges altcr completion of the various tests are plot- 
t,cd in Figures 1 and 2, respectively. The tests were 
all carried out a t  initial muzzle velocities of 3,300 fps, 
and the numbers of rounds firecl i11 each test are given 
in the legends. 

It ~vi11 be noted that no erosion mas detected in the 
barrels fired with very cool powders and that t,he 
amount of erosion increased generally with the flame 
temperature of the powder. In every c:tse, erosion 
1t-a~ riiost severe near the origin of rifling and fell off 
rapidly toward the muzzlc. The extension of meas- 
ured erosion muzzle\vard increased with the flame 
temperature of the poll-dcr. 

Artillery-Type Bullcl Series. Similar land and groove 
erosion distribution curves lor all tests with artillery- 
type bullets are plotted in Figures 3 and 4, respec- 
tively. These tests were carried out a t  maximum 
pressures of about 57,000 psi (copper). The numbcrs 
of rounds fired are given in the legends. 

It will be noted that in these tests erosion mas 
detected even when very cool po~vders mere fired. As 
before, erosion increased in amount and advanced 
rnuzzlen-ard rts the flarne temperature of the powder 
was increased. In  all cases the greatest erosion was 
found near the origin of riflin,g. 

High, Bnllislic Level S e ~ i e s .  Little attention was 
paid to distribution of erosion in this series, for which 
thc initial niuzzle velocity mas 3,600 fps. l're-engraved 
bullets were firecl. Star gauge measurements were 
made only a t  in. and 1 in. beyond the origin of 
rifling to determine the progress of erosion after the 
firing of 1, 5, 10, and '70 rounds. 

Pre-eng~avcd Bullet Scrics. The progress of land 
erosion n-as obtained from the distribution curves by 
observing the measured land diameter increase a t  
three positions itlong tlie barrel a t  various stages of 
each test. These dat,a are listed in Tahlc 5.  The prog- 
ress of erosion in. from the origin of rifling is 
plotted for the vftrious tests in Figure 5. 

T t  ~vill be secn that the erosion rate is a constant in 
these tests; that is, the increase in land diameter AL 
is a, linear func,tion of the nmnber of rounds fired. The 
brtrrels firecl \cith cooler powders did not start to 
erode at  once, ho~vever, so that their curves intersect, 
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6 AFTER 305 ROUNDS 
5 0.510 NO AFTER 510 ROUNDS 

L 61 AFTER 5 0 0  ROUNDS 

n AFTER 360 ROUNDS 
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AFTER 500 ROUNDS 
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DISTANCE FROM ORIGIN OF -RIFLING IN INCHES 

FIGURE I. Distribution of lf~ncl crosion for various powders fired with prc-cngraved bullets. (This figure hss nppcarccl 
ns Figure 8 in NDKC Report No. A-451 .) 

DISTANCE FROM ORIGIN OF RIFLING IN INCHES 

FIGITRE 2. Distribution of groove erosion for various powders fired n-ith pre-engraved bullets. (This hgu1.e has appeared 
as Figure 9 in NDlZC Rcport No. A-451.) 

TABLE 5.  Pre-englavcd bullet series. Incrcasc in lallddiarneter found a t  locations lying %, I ,  and 2 in. beyond thc origin 
of rifling after the firing of 140, 280, and 350 rounds. 

- ~.- 
After 140 rounds After 280 rounds Aft~].  350 rounds 

Powder X in. 1 in. 2 in. in. 1 in. 2 in. M in. 1 in. 2 in. 
(in. x lop3) (in. X lo-") (in. X 10-9 ((11. X lW3) (in. X 10-" (in. X 10-" (in. X 10-" (in. X lo-") (in. X lop3) 

- 

RDX-5066 
Corditc N 
FNH-&I1 
FNH/P 
NIJ-M1 
Cordite NQ 
RDX-5061 
Pyl.0 
IMR 
FNH-M5 
FNH-M2 
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1 CORDITE N AFTER 5 5 7  ROUNDS 
2 FNH-MI AFTER 5 0 4  RWNOS 
3 FNH/P AFTER 355  ROUNDS 
4 N H  AFTER 3 6 0  ROUNDS 
5 PYRO AFTER 3 6 0  ROUNDS 
6 CORDITE NO AFTER 514 ROUNDS 
7 I M R  AFTER 515 ROUNDS 
8 FNH-M5 AFTER'377 ROUNDS 
9 FNH-M2 AFTER 2 2 0  ROUNOS 

I I I I I I I I I I I I I I I I I 
0 1 2  3 4 5 6 7 8  9 1 0 1 1 1 2 1 3 1 4 1 5  

DISTANCE FROM ORIGIN OF RIFLING IN INCHES 

I G J  3. Distribution of lnnd erosion for various ponders fired with artillery-type bullets. (This figure has appeared 
as Figurc 13 in NDlZC Report No. A-451.) 

I T  4. Distribution of groove erosion for various powders firecl n-ith artillery-t,ypr. bullets. (This figurc has appeared 
as Figure 14 in XDRC Rcport KO. A-451.) 

~ C , ~ R T , F .  6.  Artillery-type bullet series. Increase in land clianleter founcl nt locntions lying ?,$, 1, nnd 2 inches bcyond t l ~ e  
origin of rifling after the firing of 140, 280. and 350 rorlndcj. 

-,,- - 
.kft,er 140 rounds After 280 rounds After 350 rouncls 

Po\\-der 54 i r l .  1 in. 2 ill. 45 in. I In. 2 in. % in. I. in. 2 in. 
(in. x 10-9 ((m. X lo-") (in. X lop3) (in. X lop3) (in. X lop3) (in. X lop3) (in. X lop3) (in. X lop3) (in. X loF3) 

Cordite P; 0.2 
FKH-JLI 1 1.4 
FNII/P 4.2 
SII-MI 4.4 
Fyro 5 2 
Cord~te ZTQ 6.1 
I3IR 9.5 
EKH-&I5 14.8 
FXH-312 30.0 
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Fxaurrw 5 .  Progress of erosion a t  yG in. beyond tlhe origin of rifling fa? various powders fired with pre-engre,ved bullcts. 
(This figure has appcared as Figure 10 in NDR.C Report No. A-451.) 

12 FNH-M2 
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2s - 14 N H  - 
19 FNH/P 
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USING ARTILLERY (BANDED) TYPE BULLETS AT 
PRESSURE 56,000-58,000 P S I  (Cu) 
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- 
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ROUNDS F I R E D  N 

FIGURE 6. Progress of erosion a t  M in. beyond thc origin of rifling f o ~  various powders fired with artillery-typc bullets. 
('l'his figurc hns a,ppcared e,s Figure 15 in NDHC lleport No. A-451.) 
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the abscissa. The erosion rate increases as the flame 
tcn~pel~ature of thc powder increases. 

Artillery-Type Bullet Series. The progress of land 
erosion was obtained exactly as before, the data being 
listed in Table 6 and being plotted for points loca,ted 

in. from the origin of rifling in Figure 6. 
The erosion rate in thcsc tests will be seen to be no 

longer constant, but rather to decrease as the test \\-as 
prolonged. As before, erosion did not start a t  once in 
the barrels fired with cooler po~vders so that their 
curves intersect the abscissa. Tbk erosion rate a t  any 
stage again appears to increase as the flame tempera- 
ture of the powder increases. 

High Ballistic Level Xe?.ies. Progress of land erosion 
data a t  a comparable position along the barrel (x in. 
from the origin of rifling) was obtained by interpola- 
tion of the star gauge data taken a t  varioils stages a t  
positions lying in. and 1 in. beyond the origin of 
rifling. The results are listed in Table 7 arid are plot- 
ted in Figure 7. 

TART~Y: 7. High ballistic lcvel series. Increase in land 
diameter a t  $6 inch beyond origin of riflina (interpo- 
lated) after thc firing of 1, 5 ,  10, and 70 rounds. 

Pon-der 1 Round 5 Rounds 10 Roullds 70 Rounds 
(in. X (in. x 10-3) (in. X 1 0"23) (in. X lo3) 

As bcl'ore in the pre-engraved bullet series (at 
moderate ballistic levcl), the erosion rate appears to 
be constant, but in this series erosion appears to start 
with the first round. The erosion rate incrcascs with 
the flame temperature of the powder. 

The erosion rate characteristic of each of the tested 
powders should be reduced to a single indnx if com- 
parisons are to be niade easily. This result is easily 
achieved in the case of tests whcre prc-enpaved bul- 
lets are fircd, for the erosion rate is a constant in 
these tests for any definite distance from the origin of 
rifling. I t  remains only to note that the erosion rate 
E (in, per round) is given by ecpation (I),  

where AL is increase in land diameter in inches at 

some definite distance from the origin, of rifling; N is 
total number of rounds fired; and rL is nmnber of 
rounds fired before measurable erosion occurs. E is, 
of course, the slope of the progress of erosion curve a t  
thc location in question and n is the intercept on the 
abscissa. 

The situation is considerably complicated in the 
case of the firing of artillery-typc l-mllets, lor the 
erosion rate a t  any given location is not constant. 
The reason i t  is not constant is related to the role 
played in erosion by the considerable engraving- 
stresses which acconlpany the firing of these bullets. 

Lu - 
a u 
u ROUNDS FIRED N, 
s 

FIGURE 7. Progr.ess OF erosion a t  in. beyond the 
origin of rifling for propellants of high ballistic level. 
(This figure has appeared as F igu~c  19 in NDRC Re- 
port No. A-451 .) 

In a new barrel there is large diametrica,l interference 
between the lands and the rotating bands which leads 
Lo very severe land wear. This wear, in turn, reduces 
the land height so that t,he intcrfcrcnce bec,omes less. 
Thus, t,he rate of this nlcchanical type of land wear is 
initially large, but decrcases as wear proceeds. Snper- 
posed upon i t  is the crosion caused by the powder 
gases, the sum being the measured erosion. 

The erosion rate obtained with artillery-type bul- 
lets is properly expressed as the slope of the erosion- 
progress curve drawn lor some given location in the 
barrel a t  a given stage of the firing. An average value 
of this rate might also be reported, but such a -figure 
-\vould be without mechanistic significance. 

The best locattion a t  which the erosion rate may be 
specified is 11-here the erosion is most severe; that is, 
near the origin of rifling. For this reason, the location 

in. niuzzlemard from the origin of rifling has been 
selected. The c l i ~ e s  showing progress of erosion for 
this location have been plotted in Figures 5, ( 3 ,  :md 7. 

The best stage of the test a t  ~vllicll t,o s~)~ciSy the 
erosion rate is probably toward the end of the test, 
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for a t  that stage the relative effect of engraving stres- 
ses is less and the results are more representative of 
the effect of po~vder g:tses alone. Alternatively, the 
erosion rate rnight bc specified at  such stages that the 
observed reduction in land height was the same in 
cach of the various tests. It is not certain, however, 
that the proportion of total erosion resulting from 
engraving stresses is always the same a t  given land 
height independent of other factors. 

The erosion rates for the various porn-dcrshre tab- 
ulated in Table 8 by series. The listings for the pre- 

TMLE 8. Erosiorl rates observed with various powders 
in the three firing series. 

rate and the adiabatic flame temperature is discussed 
in Section 15.5.2, where the data of Table 8 are 
presented graphically in Figure 9. 

In any event, the groupings of powders are more 
important than their order within a group. The aver- 
age of a much larger number. WC tests would be re- 
quired to classify the powders in an absolute order of 
increasing erosiveness. The following groupings are 
evident, except that i t  is uncertain whether NII-MI 
should bc in the first or second group: 
RDX-5060, Cordite N, FNH/P, FNXI-M1, 

NR-MI. (?) < BDX-5061, Pyro, Cordi.te NQ, 
< IMR < FNI4-M5 < FNH-M2 < 40% NG 
< 60% NNG. 

Flanle Pre- Artillery- High 
temper- cngravcd typc ballistic 

Po\vdci~ aturc bullet series bullet series level series 
(K) (in. per rd (in. per rd (ill. per rd 

x 10-6, x x 
R.DX-5080 
Cordite P; 
F N  FI/P 
FNH-MI 

Cordite K Q  
IMR. 
FNI-I-116 
FNH-M2 
40% NG 
60% NG 

engraved and thc high ballistic level series are, of 
course, vali~es of B found from the equation given 
above in this section. The listings for the artillery- 
type bullet series are slopes of the progress-of-erosion 
curves for ?,$ in. beyond the origin of rifling a t  300 
rounds. Values for the two hottest po~vders were 
found by extr:lgolating their essentially straight, 
progress-of-erosion curves to 300 rounds. 

It will be noted that there are some minor difier- 
ences in order between the erosion rates of the pre- 
engraved series and the artillery-type bullel; series 
erosion rates. In  general, the artillery-type bullet 
values are more in li.ne with the flame temperatures 
of the powders and their greater magnitude has per- 
mitted ordering of the powders of low crosivencss 
which produced no measurable erosion with pre- 
engraved bullets. The relation between the erosion 

At  Picatinny Arsenal the quickness of standard Pyro and 
FNII powders haa been and thermochemical 
and physical testsm7 of nitrogunnjdjnc powdcrs have bcen per- 
formed. 

15.3.2 Ileat Input to the Barrel 

The heat input to the barrel was measured accord- 
ing to the method described in Section 5 3.4 a t  two 
positions along the barrr:l : 1.25 in. and 4.50 in. beyond 
the origin of rifling. These detcrminntiol~s were not 
made during the tests used to find dilnensional ero- 
sion, but on specially machined barrels which were 
fired with equivalent powder charges. Both pre-en- 
graved and artillery-type bullets were fired. 

While i t  is known that the generation of heat 
accompanying the engraving of artillery-type bullets 
results in a prrhcating of the bore, the magnitude of 
the preheating was too small to be detected by these 
means. Accordingly, the hcnt input was found to be 
characteristic of the powder, but independent of the 
bullets fired. In  Table 9 the measurcd heat input 
accompanying the firing of thc various powders is 

TABLE 9. Flamc tcmperstures of the various powders 
artd heat input as measured a t  1.25 in. bcyond the origin 
of rifling ol calibcr .50 crosion-tcsting gun. 

Flame J-Ieat 
Powdcr temperatrrre input 

(K) (cal per sq cm) 

RDX-5060 
Cordite N 
FNI-I/P 
FNB-MI 
R DX-50fjl 
NH-MI 
Pyro 
Cordite NQ 
IMR 
RDX-5059 
RNH-M5 
FNH-M2 
40% NG 
60% NG 
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listed along 
po\vders. 

With the 

with the flanle tenlperatures of tlle 

exception of tthe anomalous VLL~UC for 
cordite NQ powder, the heat inputs appear to agree 
with the flame temperatures of the powders. Indeed, 
as is s h o ~ ~ n  in Section 1.5.5.3, the relation between 
flame temperature and heat input appears to be lin- 
ear except lor the hotter powders. These latter are 
known to cause considerable melting of the bore sm- 
fe.ce arid i t  seems prob~lblc that the absorption of 
latent heat of fusion at:counts for the some\vhat lo\\- 
heat input observed during their firing. 

The correlation between heat input and crosion 
rate is discussed in Scction 15.5.2. 

15.3.3 Metallographic Changes 
Accompanying Firing 

coolest powders had a pebbled appearance ca,used by 
the rounding of thc cdges of the cracks by liquefac- 
tion, as dest:ribed in Section 1.0.5.2. Siuce the pebbling 
n-as related to the crack system, it was coarser grained 
the hotter thc powder. I t  has been shownr" that the 
extent of the pebbling can be cor~'~latccl \\-it11 the .- 

cxccss oS a calculated maxim~tm bore-surface temper- 
ature over the me1tin.g point ol tlle gun steel, thc 
msximunz surface te~nperut~ure being found, as de- 
scribed in Section 5.4.1, on the a~smupt~ion that no 
melting occurs. 

When t'he hottcst powders are fired t,he very coarse 
pebbling nlerges sn~oothly TI-ith a general type bf 
meIting which produces a rippled sul.face. This type 
of melting is presumably a true melting of gun steel, 
although it is recognized that chemical changes may 
play a role in lo\\-ering the melting point of the steel. 

The gun steel barrels of the powder testing pro- TIIERM-IL T~~ANS~ORMITION OF THE SURFACE 
gram mere examined rnetallogr.aphical1y upon com- 
pletion of the firing tests and the details of Inany 
changes in .the nature of the bore surface caused by 
firing, such as those described in Chapt,ers 10 and 12, 
mere thus revealed. Outstanding among these changes 
vrcl.e the cracking of the surface, pebbling of the 
surface and the developnicnt of a layer of trans- 
formed steel next to the s~lrface. Relationship be- 
t~vccn these changes t~nd the flame temperature of 
thc po\vder was est,ablished in several aspccts. 

CRACKING OF THE SURFACE 

Surface cracking always developed as a network 
ch.aracterist,ic ol the type that has been attributed to 
t,h.ermally induced stresses (Scction 13.5.3). The mesh. 
size gcncrally was less as the powder flame tempera- 
ture was lowered. The apparent width of the cracks 
appeared t,o incrc:tse direct>ly ~vi th  thc flame temper- 
ature and the number of rounds fired. Their depth 
was rat,her anomalous, hen-cvcr., being greater in the 
case oi cooler powders. 

I t  seems probable thnt the incipient lncltulg \\-hick 
occurs during the firing of all but tjhe coolest po~~clers 
removes stress raisers in the surface with tlle result 
that cracks of full depth (lo riot develop. I%rosion from 
the surface also recluces the apparent dcpth of 
cracki~ig. 

The thermal tra8nsformat,ion, of n gun steel layer 
next, to the bore surface has been discussecl in some 
det,ail in Sections 12.1.2 and 13.2.3. Much of the 
c1uantital;ive dsta 1-hich h:~s pointcd to a possible 
nlechanisln of the formation of this layery" was ob- 
tained lrom a metallogra~hic stucly of thc barrels 
fired in hhe powder testing program. P:trticularly, tlic 
rate of formation and the reliltion bct\veen dimen- 
sions of the transfornled layer and the flalrie temper- 
xture of t,he pol\-cler Ivcre established through this 
study. 

DistriDz~tio?~ qf thc Tmnsforrfirrl Layer.. The total 
altered layer on a bore surface is properly divitled 
inko at  lcast t~rro distinct parts : :L chemically altercd, 
outer layer, to which the tern1 LL~vl~itel:tycr" is restrict- 
ed for the reasons given a t  the end of Scction 12.1.1, 
and an inner lager which has csscntittlly the chemical 
composition of gun steel but which has been they- 
nlally altercd. The white layer usually h:~s neg1igii)lc 
thickness compared with the thernlally altered layer. 
In the follo\ring discussion the thickrless reported for 
the trsnsfonned layer is t~ctually the total thickness 
of both layel-s, but it is to be understood t,hat this 
thickness, in the case of t,he barrels studied in con- 
nection \$.ith the po~rdcr-testing progra~u, is not sig- 
nifica~lt~ly different from that of the thermally altered 
layer alone. 

By virtue of its \\:ell-established independence of 
chemical effccts, i t  is to be expected that thc thick- PJCBBLING OF T H ~  SURFACE ness of the thermally transformed 1:~yer will depend 

The bore sudaces oi barrels fired vi th any but the on the scverity of thermal c~ndit~ions along the barrel 
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in which it forms. The expectation is fully confirmed 
by the distribution ol the layer in the barrels studied. 
In every case the layer was found to be thickest in 
thc neighborhood of the origin of rifling where ther- 
mal conditions are most severe and to decrease 
muzzleward. 

This variation presents a rninor problem when tw-o 
or more different test barrels are to be compared. The 
best point of reference is a t  the origin of rifling where 
the layer is thickest, but oft]en the thickness changes 
so rapidly in this region that minor errors in section- 
ing the barrel cause large errors in thicknea measure- 
ment. The problem was solved by determining the 
thickness a t  different points sway from the origin of 

DISTANCE F R O M  ORIGIN OF RIFLING IN INCHES 

I R E  8. Distribution of transformcd layer for. dif- 
ferent numbcrs of rounds of double-base (40% NG) 
powder. (This figure has appeared as Plot VI in NDRC 
Report No. A-452.) 

rifling, usudly ?d, 1, 2, and 4 in., drm-ing a smooth 
curve through these points, and extrapolating to the 
origin itself. Curvcs of this typc are shown in Figure 
8. 

It cvas found that the geometry of the projecting 
lands enhanced thc heat transfer so that transformed 
layers in the lands were thickcr and less sensitive to 
the typc of po~vder than layers in the grooves. Thc 
layer thickness most characteristic of thc firing of a, 

given powder was therefore taken as the extrapolated 
thickness in thc grooves. 

Layer thicknesses determined in this way were 
found to be independcnt of the type of bullets or the 
numbcr of rounds fircd. They are tabulated in Table 
10. 

Rate of Formation of the Transformed Lager. The 
barrels fired in thc series of tests a t  high ballistic level 

TABLE 10. Extrapolated thickness of the transformed 
layer in the grooves a t  the origin of rifling of caliber .50 
erosion-tcsting gun. 

Flame Transformed layer thickness 
Powder temper- YE AT High level 

ature bullets" bullets? teste 
( K )  (in.) (in.) (in.) 

RDX-5080 
Cordite N 
FNH/P 
FNH-M1 
RDX-5061 
NI-T-MI 
Pyro 
Cordite NQ 
IMR 
RDX-5059 
FNH-M5 
FNB-M2 
40% NG 
60% NG 

* PE bulleta are pre-engraved. (see Section 15.2.1.) 
t AT bullets are artillery-type. (SBO Section 15.2.1.) 

were studied a t  thc end of 1, 5, 10, and 70 rounds in 
order to find the amounts of transformed lk~yer rn-hich 
had formed a t  these st,uges. The results showed that 
th.e layer had formed during the firing of the first 
round and that, although very nearly the full thick- 
ness was formed a t  the origin of rifling, somewhat less 
than full. tl-lickness was formed toward the muzzle; 
thus the distribution of the layer changed sornew-hat 
during the firing of subsequent rounds as will be seen 
in Figure 8, wherein distribution curves are plotted 
for I., 5, 1.0, and 70 rounds fired with pre-engraved 
bullets and double-base powder containing 40% 
nitroglycerin. 

Bull data on the rate of formation of the trans- 
formed layer may be obtained from Table 11. Anal-- 
ysis of these data demonstrates the extreme rapidity 
of the formation of the layer and shorn-s that the re- 
gion in the barrel throughout which the layer thick- 
ness is independent of the number of rounds fired 
lengthens as the flame temperature of the powder 
increases. I t  must be noted that general melting is so 
pronoanced during the firing of the very hot 40% and 
60% NG powders, that appreciable material is re- 
moved from the surface a t  the same time that the 
layer is ~tltering. Accordingly, and as a first approxi- 
mation, observed layer thicknesses in Table 10 have 
been corrected by the addition of the observed 
change in groove radius during the firing of the last 
round. The correction is enti.rely negligible in the 
case of other powders. 
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TARI.F. 11. Tra~~sf~rnler l  layer t,hiokness as function of 
rounds fircd at, x, 1, 2, and 4 in. from thc origin oi 
rifling in cnllber .50 erosion-testing gun. 

Kourrds Transformed layer thiclrncss a t  
Ponder fired + in. 1 in. 2 in. 4 in. 

FST-X->!rl 1 
5 

10 
70 

IMR 1 
5 

10 
70 

FNH-M2 1 
5 

10 
70 

40% KG- 1 
5 

15.3.4 Chemical Products on the Bore Surface 

The eroded surface of each fired barrel was sub- 
jected to x-ray diffraction analysis with the purpose 
of finding any differences in chemical nature of the 
surfaces resulting from the firing of different powders, 
which is discussed a t  length in Section 12.2. The 
diffracttion psttenls were obtair~ed by allowi,ng mo- 
lybdenum Ka radiation to strike the eroded surfaces 
a t  snlall imgles. 

In addition to ferrite (alpha-iron modification) 
n-hick was found on each film, four other constituents 
n-ere found in varying amounts : austenite (gamma- 
iron modification), cementite (FeaC), ~ ~ u s t i t e  (Feu) 
and the epsilon phase of iron nitride (FeJV,). I t  mas 
noted that the diffraction lines of the ferrite were 

10 0.0021 0.00195 0.0019 0.0016 often quit,e broad, part,icularly in the barrels fired 
70 0.001(35 0+0018 0.0°17 with the double base po~vclers which have the higher 60% KG 1 0.0021. 0.0019+ 0.0017 0.0013- 
9 0.0021 0.001~~+ 0,0018 0.001,6- flame ternperat~~res. This broadening may actually 

Relalion to Erosion Mrcha,nisnz. T t  follows from the 
fact that a continuous, thick transforn~ed layer forms 
during the firing of a single round that erosion of a 
gun steel barrel is really the erosion of a transformed 
layer. Thus a full knon-ledge of the nature of the 
transformed layer is essential if the mechanism of 
such erosion is to be discoverecl. The nature of the 
layer has been discussed in Sections 12.1.2 and 13.2.3. 
I t  remains only to reerilphasize that the layer defines 
the region which is rerldered austenitic during the 
firing of any singlc round and that tfhere is consider- 
able evidence that the hot, austenitic layer has a high 
chemical reactivity with the const.ituents of the pow- 
der gases. 

indicate the presence of distortcd-cubic m:l,rten.site 
formed by quenching austenite. ilustenite itself is 
never retained by quenching alone, but only if the 
gamma-iron takes up in solid solution a considerable 
amount (up t,o about 0.6%) of carbon or nitrogen or 
both. Accordingly, the ~iustenite found was probably 
enriched in carbon or nitrogen or 110th. 

A purely qualitative snalyijis of the various eroded 
surfaces is given in Table 12. The designated    mounts 
are only estimates. Evident'ly, there is an absorption 
of carbon or nitrogen or both and stabilization, in a 
superficial layer, of austenite regardless of the powder 
fired. 

In  addition, two tendencics may bc 11oted: s tend- 
ency toward carburizing and nit,riding with the 
formation of cenlentitc and iron nitride; and a ten- 
dency toward oxidizing with the formation of 11-ustite. 

TART.E 12. Qualitative x-ray cliffrsction analysis of eroded bore surfaces of erosiorl-testing g ~ l n  barrels fired with didcrcnt; 
powders. 

-. - 
Flame Epsilo~l 

Powder temverature Austenjte Cementite Wiisl,itc iron bliscellaneous 

X.DX-5060 2320 
Cordite K 2489 
FKH-M1 2483 
RDX-5061 2560 
h'X-1-311. 2807 
Fyro 2814 
Cordite XQ 2884 
I MR. 2938 
FKH-RIS 3268 
PNH-312 3564 

Preser~t 
Large 
Large 
Present 
Large 
Large 
Large 
Large 
Large 
Large 

Present 
Small 
Small 
Probably 
Present 
h70nc 
Kone 
Present 
A-one 
None 

Possibly 
Small 
Probably 
Present 
Probably 
Small 
Snldl 
Nonc 
Large 
Large 

Present Pb -k X 
Large Pb + 
Large Pb + X 
Present Pb + 
Probably Pb 
Large . . .  
Present Pb 
None Pb 
N one . . .  

&-one . . .  
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High flame temperatures appear to encourage the 
latter reaction and discourn.ge the former; while low 
temperatures seem, to permit both, although oxidiza- 
tion is not very pronounced. 

Metallic lead (Pb) was found on many of the sur- 
faces. Possibly the lead came from lead thiocyanate 
in the primers and mas volatilized il-1 the tests with 
very hot powders. 

Unidentified substances (X) were found on several 
of the surfaces. 

15.4.1. Relative Erosiveness of Powders 

The powders tested in %-in. and %-in. vents (the 
only sizes used for both the RDX arid the other 
powders) are listed jn Table 14 according to their 

TABLE 14. Relative erosiveness of poll-dcrs tcsted in 
%-in. and  Ih-ln. vent plugs. 

,?&in. vent 'A-in. vent 
Degree of Degree of 

Powder erosiveness Powder erosiveness 

15.4 VENT PL'U'G TESTS 

The erosion produced in vent plugs (Section 15.2.2) 
was measured, in terms of the weight loss of each 
plug tested a t  the levels of scverity afforded by difler- 
ent vent sizes. The measurements were usually made 
after the firing of 5, 10, and 15 rounds with each of 
the d3eren.t powdcrs. Most powders \+-ere tested 
with four different vent sizes : %, B, %, and % in., 
but the RDX powders were tested only with three: 
g2, g, and xti in. NH-MI powder (for 37-mrn gun.) 
was tested along with the latter to provide a reference 
for the comparison ol all powders. 

A summary of thc results in the foriri of averages ol 
the two runs after 15 rounds are listed in the two 
parts of Table 13 for all of the powders tested. Ero- 

TABLE 13. Erosion 01 vents of different sizes expressecl 
in terms of average weight loss after 15 rourrds. 

-- 
Average weight loss (mg) 

Powder ?&in. %-in. 3h-in. %,in. 

FNH/P 0 14.3 92.2 21.2.8 
:FNH-M1 0 23.6 127.8 246.2 
NH-MI-3727 0 38.1. 120.1 230.8 
NH-M14!)74 0 12.2 108.6 21.0.2 
Fyro 1.9 18.3 65.5 212.1 
IMR 2.8 35.6 118.1 263.7 
FNH-M2 24.8 339.9 512.4 1069.9 

NII-MI-4974 
FNH/P 
Pyro 
FN FILM 1 
IMR 
N:H-MI-3727 
IZDX-GO79 
R.DX-6081 
RDX-6080 
RDX-6082) 
RJDX-6083 
FNH-M2 

NH-MI-4974 
Pyro 
F IH/P]  
RDX-6073 
NIT-MI-3727 
FNFI-R41. 
RDX-GO8 I. 
IMR 
R.DX-6080 
RDX-6082 
BDX-6083 
FNH-M2 

relative order of erosiveness. In both lists an erosivc- 
ness of unity is assigned to NH-M1 powder, lot No. 
3727. The numbers used to diflerentiate the powders 
of th.e same types are experimental lot numbers ex- 
cept in the case of NH-MI-3727 which, is a standard 
lot of powder for 37-mm gun, Ml916. 

There is not a one-to-one correspondence between 
these two orders but in many significarlt features 
they are quite similar. By considera,tion of the partial 
series determined with the other vent sizes and weight- 
ing the results slightly toward low scveri,ties so as to 
approximate better the actual erosive loss found in 
real guns, i t  is possible to organize an overall 
erosivcncss series by groups : 

NH-MI.-4974, FNH/13, Pyro 
< NH-MI-3727, RDX-6079 ('?) 

< FNH-M1 < TMR < RDX-6081 

BDX-8080 714 67.4 330.6 
NH-MI-3727 2.7 30.5 285.0 This series differs in :I number of respects from that, 
BDX-6081 4.1 59.7 317.6 determined by firings in the caliber .50 erosion-testing 
RDX-6082 6.8 67.3 

118.1 
386.1 gun, as given a t  the end of Section 15.3.1. It will be 

RDX-6083 18.5 513.3 noted from a conlparison of Tables 2 and 4 that in 
most cases whcre RDX powders and single-base pom- 

sion was only very small in the largest vcnts. Hence ders have nearly thc same flame temperature, (that 
tcsts with large vents do not distinguish arnong the is, RDX-6081, and NH-MI-3727) the former are 
less erosive powders. The more severe conditions in considerably more erosive than thc latter. This fact 
the smaller vents permitted a finer clavsification. emphasizes the very great jmportance ol chcinical 
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action by the powder gascs in the problem of erosion, 
for in such csses thermal conditions are c1c)sely siin- 
ilar and the only important difference is to be found 
in the chemical composition of the powder gases. It 
follows that the overall correlations of erosive cffects 
\t-iWl temperature which are made below are valid 
only so long as tfhe chenlical colnpositions of the gases 
are roughly similar, for example, as they appear to be 
among the gases from single-base and double-base 
powders. 

The position of RDX-6079 is somewhat uncertain 
a t  best. Its present position is only one group re- 
moved frorn that of the matching RDX-5060. The 
sole othcr discrepancy is the position of FNH-MI.. 
There seems to be no explanation for the lack of 
agreement in its case. 

In spite of these anomalies i t  lnsy be concludcd 
that vent plug tests of po~vders are useIul in giving a 
rough idea of relative erosiveness. 

15.4.2 Comparison of Erosive~iess 
'5.5 CORR:I3:LA'CION OF EROSION, THERMAL 

in Guns and Vents TRANSFOBMATION, HEAT INPUT, .AND 
FLAME TEMPERATURE 

The significance of these tcsts is clarified when 
15.5.1 comparison is ~ n a d e  with the erosion rates found by Introduction 

firing thc erosion-testing gun (Section 15.3). In  Table Throughout this discussion relationships bet,15-eell 
1.5 thc various powders arc listed in order of increas- 

the of erosion as measured by increase in bore 

TABLE 15. Order of increasing powder erosiveness as 
found by tcsts in the vent plug and in $he caliber .50 
erosion-testing gun. 

Vent plug Gun 

~ F N H / P  BDX-SOB0 
Pyro FKH/P 

) N A M  I FN1.1-hfl 
'(RDX-6079 MI-M 1 

FXH-All Pyro 
IRIR IMH, 
FiiH-N2 FKH-312 

ing erosiveness as determined in the vent plug and in 
the pre-engraved bullet series in the erosion testing 
gun. Only the poll-ders tested by both methods are 
included, except for powders RDX-6079 and RDX- 
5060, which were nearly the same in colnposition and 
fla,me temperature. 

Some rationalization of cliffcrenccs bet~v-u-cen the 
two listings is possible. For example, the largest dif- 
ference is the position of Pyro porn-der, which was 
classified in the least erosive group by the vent-plug 
tests and in an internlediate position by the gull tests. 
It will bc noted that in tests with the largest vent in 
I\-hich erosion is most nearly equivalent in amount to 
that found in the gun, Pyro was ranked b e t ~ e e n  
I41R and the other less erosive powders as i t  is i,n the 
gull listing. I t  seems possible that had those lom- 
severity tests been at~lc to distinguish among the less 
crosive PO\\-ders i t  might have led to a listing more 
like that found with the gun xrld wonld certainly 
havc brought agreenient with respect to Pyro. 

diameter, the thermal transformation of the barrel 
steel, the heat input to the bore surface and the Ramc 
temperature of the powder have been implied. A de- 
scription of these relationships in definite form pro- 
vides a good summary of the foregoing sections as 
well as a satisfying demonstration of the intimate 
connection among these various aspects of gun ero- 
sion. 

Temperature may be regarded as the key which 
opens tthe door to understanding of the nature of gun 
barrel erosion and in particular to an understanding 
of erosion as caused by different propellants. The 
temperature of the bore surface determines the me- 
chanical properties of that surface, the kinds and the 
rates of chemical reactions which will occur on and in 
that surface, and the possibility of liquefaction of 
that surface or of the che~zlical reaction products that 
form there. The suln of these effects during firing, 
discussed in more detail in Chapter 13, embodies the 
nlechanisrn of gun erosion. 

Any correlation of erosive effects vith, temperature 
should properly be niade nit11 respect to a bore- 
surface ternpcrature, but such s temperature is not 
easy to dcfine. First of all, the temperature of the 
ininiediate bore surface fluctuates with extreme ra- 
pidity and since erosive effects are not instantaneous, 
some suitablc time-average needs to be chosen. Sec- 
ondly, erosive effects are not two-dimensional but 
occur within small, albeit, finite volumes. Tempera- 
ture distribution falls off rapidly inward from the 
bore surface, so that sonie suitable space-average 
needs to  be chosen for the reference temperature. 
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Problems of this sort are not impossible to solve 
and suitable methods of calculating these average or 
iieffective" temperatures have been worked out.48 
They are, nevertheless, rather laborious. 

A simpler approach is to find some easily measured 
quantity which is related to the bore surface ternper- 
atme. The adiabatic flame temperature of the pow- 
der (Section 2.4.3) is perhaps the most convenient 
such qusntity, :dthough the relation is not a siinplc 
one, involving as i t  does the intermediate relations of 
gas temperature and heat input. Reli~~nce upon it as 
a parameter mc~tsuring the bore surface tempcraturhe 
is greatly strengthened 'by the cxistencc of B simple 
linear relationship between i t  and the actual Ineas- 
ured heat input to the bore which will be demon- 
strated in Section 15.5.2. I t  is not unreasonable, then, 
to attempt to c,orrclate some of the aspects of meas- 
ured erosion of these barrels against the flame tem- 
perature of. the powder fired. 

l6 5.2 Dimensional Erosion Kate versus 
Flame Temperature 

The dimensional erosion rate is, of course, not a 
function of the flame temperaturc alonc, but depends 
also on the type of bullets fircd and on the loading 

conditions. The type of bullet is a truly independent 
factor; the loading condition is probably not truly 
independent. That is to say, if the loading condition 
is adjusted to give a higher ballist,ic level with the 
same powder, the relation betwecn flame ternpera- 
ture and bore-surface temperature will change so as 
to raise the latter. The erosion rate and attendant 
phenomena are therefore increased in magnitude as 
will be illustrated below. The dimensional erosion 
rate may be studied with reference to flarne tempera- 
ture, therefore, only if other factors are kept constant 
or if their influence is quantitatively ,understood. 

The data of Table 8 present the relation between 
erosion rate and flame temperature for the pre-en- 
graved bullet, the artillery-type bullet, and the high 
ballistic levcl series. These data are plotted in Figure 
9 where the curve for each series is seen to bc similar 
in shape to an exponential curve. An exponential re- 
lationship is strongly implied by the straight lines 
that result if the same da,ta are plotted on sernilog- 
arithmic paper. 

For a given change in fl:lme temperature, the ero- 
sion rate appears to increase more rampidly a t  higher 
flame temperature. Evidently also the use either of 
engraving type of bullets or of a h.igher ballistic level 
increases the erosion rate a t  all temperatures. 

POWDER FLAME TEMPERATURE IN DEGREES K FLAME TEMPERATURE IN DEGREES K 

FIGURE 9. Erosjon rate (in units of 0.00001 in, per rnund) versus flamc t,emperature for the pre-engraved bullct, thc 
artillery bullet, and t,he high ballistic level serics. (This figure has appoarcd as Figures 18 and 20 in NDRC Rcport 
No. A-451.) 
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15.5.3 Heat Input versus Flame Temperature 

The data 011 heat input reported in Table 9 are 
plotted in Figurc 10, where the linear relationship 
between heat input and flanle teinperature is evident. 
It has been suggested that t,hc dcviation from linear- 
ity a t  very high flame tempwntures is probably the 
result of absorption of latent heat of fusion during 
the consideruble melting ol gun steel that appears to 
arco~npany the firing even of a single round. 

W 
I FLAME TEMPERATURE IN DEGREES K 

I"IGITRE 10. Heat input, vcrsus flame temperature. 
(This figure has appcared as Figure 23 in KDHC ICc- 
port No. -4451.) 

Since t,he heat input should be more directly asso- 
ciated with bore-surfacc temperature than is tthe 
flanle temperature, i t  is reasonable to expect that the 
plotting of erosion rate versus heat input should give 
11 slnoother curve. This deduct,ion is borne out by the 
facts. If the eroeion rate is first plotted against heat 
input and then the heat input sculc is converted to 
flame temperature by means of the linear relationship 
of Figure 10, the results of Figure 9 are again ~bt~ained 
with the difference that there is a better fit of the 
experimentel points to the exponential curves sho~\-ing 
erosion ratte versus flame temperature. 

Heat input for a given flame temperature should 
also increase -\\-it11 the ballistic level. Tlle dat:t no\\- 
av:lilable do not permit an investigation of this point. 

15.5.4 Therrnal Transformation vcrsus 
Flame Tempera ture  

By virtue of its rapid rate of formation \I-hiah 
permits it to renew itself during each round, thc 
transformed layer presents a characteristic thickncss 
a t  tthe origin of rifling ~ ~ h i c l i  is independcnt of the 
type of bull el;^ or the number ol rounds fired. This 
characteristic thickness mav be expressed as a func- 

tion of the flttmc temperature. As bcfore, the thick- 
ness observed with a given flame temperature should 
increase with the ballistic level, but the available 
data do not pennit an investigation of this point. 

The data on thickncss of the transformed laycr 
I\ hick were presented in Table 10 are plotted vcrsus 
flanle tempersturc hi Figure 11. A straight line may 
be dralvn through points for porn-ders not containing 
RDX, although a t  very high flanle temperatures the 
deviations are greater than a t  lorn temperatures. Per- 
haps this is caused by the absorption of the latent 
heat of fusion having changed the thermal conditions. 
The distribution of the points for the three RDX 
powders sccms to be random. 

i + ADIABATIC FLAME TEMPERATURE 

FIGUI~E 11. Transformed layer Lhickncss versus flame 
tempemturc. (This figure has appeared as Figure 64 in 
NDRC Report KO. A451.) 

Thc ~nechanisln of thermal transformation has 
bccn discussed in Scction 13.2.3 and a method of 
calculation has bccn presentedB4 which permits an 
explanation of the results of Figurc J 1. 

l5*= MODIFICATlON OF PROPELLANTSC 

Thc foregoing section points out the d(:pcndence of 
dimensional erosion rate upon the adiabatic flame 
temperature of the powder. From this i t  would seem 
that a nz~tigntion ot erosion might be obtained by 
developing po~vders of low fl~ame temperature but 
u-ith high impet,~~s. This ~ v s s  suggested in Section 
p~ 

An Ad Hoc Conlnlittee on Intcrnal Ballistics appointed by 
the Chairman of the NDR.C in 1942, recommended a joint in- 
vestigation of this subject by the units of NDRC which were 
subsequently designated na Divisions 1 2nd 8.1,'' 
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3.5.4 for hypervelocity guns in which erosion with thc 
usual propellants is a limiting factor. I t  should be 
noted, ho\vever, that the correlation of erosion with 
flame temperature or heat input holds true only for 
powders with similar composition. The RDX series 
of powdersf must be considered separately from the 
other powders. I n  both the studies with vent plugs 
(Section 15.4.1) and with the caliber .50 erosion- 
testing gun (Table 8) i t  ivas found that RDX pow- 
ders though cooler than the older standard powders 
are rnorc erosive. Tllus, while it is clear that the tcm- 
perature of the gases resulting from the combustion 
of a propellant is probably the most important factor 
to be considcrcd in the developrncnt of less erosive 
powders, thc (:omposition of the gases is also impor- 
tant, and the discussion which follows is warranted. 

15.6.2 Variations in Types of 
Erosi.on Products 

Froin studies of eroded guns and frorn the results 
of laboratory firing tests a great deal has been learned 
about the effects on gun bores of the various com- 
ponents of the powder gases from different propel- 
lants. X-ray- and electron-diffraction examination of 
steel gun bores, test blocks, and filings exposed to th,e 
gases from the usual single- and double-base propel- 
lants (Sections 12.2 and 15.3.4) has proved that the 
nitrocellulose powders (single-base) are carburizing 
whereas those containing nitroglycerin in addition to 
nitrocellulose (double-base) are oxidizing. Further 
evidence of this fact was obtained in the studies of 
carbon penetration (Section 1.4.2.5). 

Metallographic and chemical studies of the surface 
layers in eroded guns (Chapter 12) have indicated 
that the dominant erosion process in guns fired \with 
single-base powders is the removal of partially lique- 
fied material high in carbon and nitrogen, which has 
resulted from the chemical altcration of the steel by 
the powder gases. This material has a fusion range 
about 300 C lowcr than the melting point of gun 
stcel. On the other hand, liquefaction in guns in 
which oxidation by the gases from powders contain- 
ing nitroglycerin takes place is that of unaltered or 
perhaps only slightly altered steel, as is brought out 
in Section 13.2.4. 

The obvious conclusion from the evidence sum- 
marized above is that s less erosive powder might be 

one that was only a slight modification of the stan- 
dard nitr.ocellulose-nitroglycerin type of propellants. 
It should definitely be less carburizing than the 
single-base powders so that low-melting  product,^ 
would not be formed on bore surfaces but should not 
have as high an adiabatic flame temperature as the 
usual double-base powders which cause melting of 
the steel itself. Although oxidation does not promote 
liquefaction to the same extent as carburi~at~ion, less 
oxidation than is obtained with the ~lsual,, relatively 
erosive double-base powders would certainly be de- 
sirable, since oxide films are presumably readily re- 
moved by rnechanical forces during firing, and woulcl 
probably be obtained in the case of a powder that 
tvas developed to have a lower flame temperature. 

Another-modification of powders is suggested in 
Section 14.4.8 which points out the desirability of 
decreasing the amount of sulfur in charges, 

16.6.3 Thermodynamic Considerations 

The same thermodynamic considerations that led 
to an evaluation of the chemical factors in the causes 
of erosion, discussed in Section 13.3, may be a,ppIied 
to the problem of finding a less erosive propellant. In 
the reactions of the powder gases with gun steel the 
most important, components of this gas are carbon 
monoxide and carbon dioxide. Whether oxidation or 
carburization of the bore surface occurs depends on 
the CO/C02 ratio in the gases a t  the effective temper- 
ature, for this ratio decreases with the tem,perature 
of the gases. Powders containing nitroglycerin have a 
higher oxygen balance than those containing only 
nitrocellulose, thus the CO/C02 ratios of the former 
are lower than those of the latter (Figure 9 of Chap- 
ter 2) and the gases from double-base powders ma,y 
bo considered more oxidizing or less carburizing. Fig- 
ures (3 to 8 of Chapter 13 show fields for the ultimate 
or major products resulting from the interaction of 
steel and powder gases. In order to obtain boundary 
conditions so that oxidation and carburieation were 
equal or perhitps even mutually suppressed, an in.- 
crease in flame telnperature and an appreciable de- 
crease in +,he CO/C02 ratio of the gases from a single- 
base powder would be required. It was suggested138 
that a nitrocellulose polvder to which a small amount 

These powclers ha,d been jnvestigstecl loy Division 8, 
NDR.C. They were also among those investjgrtted in Cs,ns- of nitroglycerin (perhaps 1%) had been added should 
da371 during World Wa.r 11. be investigated. 
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R D S  POWDERS 

_Iccording to the above line of reasoning, RDX 
polwlers might be expected to be more erosive than 
single-base pox-ders of the sarne flame temperature, 
which actually is the case. Figure 9 of Chapter 2 
shows that the former, because of their higher 
CO/C02 ratios, should be much more ca,rbwizing 
than the lstter. The erosivity of these newer propel- 
lants, however, does not bear any obvious relation- 
ship to their high CO/C02 ratios, for studies of car- 
bon penetrat,ion with an RDX powder (Section 
14.2.5) indicated that the reaction products mTere not 
as high in carbon ss  those obtaincd from the reaction 
of a single-base powder a t  the sarne bore-surface 
temperature. I t  may be that in the case of the RDX 
powders other reactions besides those of the carbon 
gases with the steel assume more importance than 
they do in the case of the nitrocellulose propellants. 
Indications that this may tje true have been found in 
the few instances jn which erosion products resulting 
from the use of RDX powders have been examined 
by diffraction t e c h n i q i ~ c s . ~ ~ ~  

15.6.4 Experiments with 
Powders Containing Ferrosilicon 

Erosion might be diminished by niaintaining a 
sufficiently high temperature to avoid carburization 
and nitriding but at  t,he same time preventing oxida- 
tion by the addition of a deoxidizer. Gun steel filings, 
mixed with a charge of double-base pou-der to ~vhicli 
ferrosilicon had also been added, mere fired in a cal- 
iber .30 rifle according to the techniclue described in 
Sect,ion 11.2.6.4Y No ferrous oxide (FeO) was identi- 
fied in the collected products. This conlpound mas 
always found in these experiments n-ith steel or iron 
filings AT-hen no dcoxidizer had been added to the 

charge. Rccttuse of the successf~~l reduction of the 
oxidation in this case, a firi.ng test was made in the 
caliber .50 erosion-t,esting gun (Section 11.2.1) with 
a 20% nitroglycerin powder to which 5y0 of ferro- 
silicon powder had been added. The incomplete testj4" 
showed a slight reduction of the erosion, particularly 
in the grooves. Difficulties encountered in deposition 
of unused ferrosilicon in the grooves and excessive 
muzzle blast caused the test to be abandoned. 

15."5Exyeriments with Powders Containing 
.Low Percentages of Nitroglycerin 

As was pointed out in Section 15.6.3, a nitrocellu- 
lose powder to which a, small arnount of nitroglycerin 
had been added might be less erosive than one con- 
taining nitrocellulose alone. I t  \\:as planned to test 
mixtures of a standard single-basc and a standard 
double-base propellant in such proportions that low 
percentages of nitroglycerin lv-ould be obtained. Such 
mixtures were to be tested first in erosion vent plugs 
and then in calibcr .50 machine gun barrels. 

One mixture containing 5v0 nitroglycerin v--as test- 
ed in the vent-plug apparatus. Eecause the effect to 
be studied was essentially chemical in nature, the 
%-in. vent, which gives reproducible crosion st low 
severity, \vas used. This nlixture was more erosive 
than single-base poll-der. The erosivity of mixtures 
containing less than 5y0 nitroglycerin, ho\~ever, may 
be worth investigating. The original suggestion, i t  
should be noted, was that only about l%nitroglycerin 
should be added. Because of the termination of the 
Division's activities, further testing was not contin- 
ued. Only the preliminary control experiments were 
carried out for the machine gun tests.'1° A continua- 
tion of these experiments ~vould be wortli\vliile ; nega- 
tive results mould be of as much value in this case as 
positive ones. 





PART V 

EROSION RESISTANT MATERIALS 

Fire is the test of gold; advcrsit,y ol strong men. 
-Xe.r~ecn 

"De Providentia" 





Chapter 16 

SELECTION OF EROSION RESISTANT MATERIALS FOR GUN BORES 

16.1 EKOSION KESISTAN'I: MATERIALS 
PROGRAM 

I N .9N E,XRLY STAGE of the studies of gun erosion 
a t  the Geophysical Laboratory for Division 1, 

NDRC, the conclusion 11-as reached that, because of 
their lack of resistance to thermal and chemical at- 
tack by po~vdcr gases during firing, no stccls or high- 
iron alloys showed promise ns bore-surface materials 
under. severe firing conditions using conventional pro- 
pellants. Yet steels are the only ma.t;erials of adequate 
strength and ductility that are available in sufficient 
quantities for gun tubes. Therefore, in order to pro- 
tect the bore surface of such steel t,ubes from contact 
with powder gases (at least near' t,he breech end 
where powder gas erosion is most severe), attention 
was concentrated on the developn~ent of suitable 
erosion resistant liners? linings, electroplates, and 
othcr coat,ings. 

Laboratory tcsts sho\ved that of d l  the 92 elements 
then recognized, ss sllown in Figure 1, only the fol- 
lowing pure metalsb were resistant to chelrrical attack 
by thc pow-dcr gases: chromium, molybdenum, tung- 
sten, tantalum, nickel, cobalt, and copper. Only the 
first four of these have a sufficiently high melting 
point for severe service under l~ypervelocity condi- 
tions, where melting is an important factor in the 
failure of a steel gun hore surface. Subsequent tests 
on pure nickcl gmd high-nickel alloys under less severe 
laboratory test conditions and firing tests as gun 
liners showed that these (except nickel-chromium 
alloys with more than 10% c,hrornium) are suhject 
to ecvcre intergranular attack by porr-der gases and 
gave a pcrfor~nance barely equal to or inferior to gun- 
steel. Copper is quite unsuitable for a gun bore sur- 
face material because of its softness and 1011- strength 
in addition to its low melting point. Other tests 
showed that in addition to suitable resistan,ce to 
thermal and chenlical att,ack a bore surface material 

Special Assistant, Division : I ,  NDRC. (Present a.ddress: 
Geophysical Laboratory, Carnegie Institution of Wlashington.) 

1) There is some evidence (Section 10.4.14) that  certain of 
the metals of the pl:~tirrum group Inay be erosion resistant. On 
account of their scarcity t,hese metals were r~o t  seriously con- 
sidered in tihe Division 1 program. 

must have suffi.cient hardness and strength a t  tem- 
peratures attained during firing to prcvent cleforma,- 
tion of the rifling by impact of the projectile and 
nlust be sufficiently ductile to prevent serious failure 
by cracking. 

In the fall of 1942 efforts were started by Division 
1 on the preparation of chror~lium :~nd molybdenum 
in form suitable for use as gun linexs. By the follo\*ing 
summer preliminary tests of molybdenun~ liners had 
emphasized the importance of hot hardness as a char- 
acteristic of a successful gun liner material. Further 

scovery study of this phase of the subject led to the di, 
that the stellites (Chapter 19), which are cobalt- 
chromium alloys t,hat have the property of hot-hard- 
ness, are erosion resistant ss long as the bore-surface 
temperature is riot too high. 

By that time the experience of aerial combat during 
World War 11 had indicated that erosion was limiting 
the performance of the caliber .50 aircraft ~nachine 
gun. Application of the disco~rery of the erosion resis- 
tance of stellites to this prohlcm led to a remarkable 
increase in the performance level of this gun (Chspter 
22). A parallel att,ack on this same problem led to t,hc 
devclopmellt of nitrided, chromium-plated caliber .50 
barrels (Chapter 23). Sj';vent,ually, it mas found that 
an even better barrcl was obtained by using a, stellite 
liner with the steel bore chromium-plated ahead of i t  
in such a rnsnner as to constrict the bore a t  the muz- 
zle (Chapter 24). F~rt~hennore i t  vas  found that pro- 
vided the stecl barrel 11-as strengthened by making it 
slightly heavicr (especially at  the for~r-r-ard end of tthe 
liner) and perhaps by using a spccial stecl having 
greater strength a t  high temperatures even bcttcr 
performance could be attained (Chapter 24). 

Experierlcc with stellite liners in the caliber .60 
nlachine gun, which has a mnzzle velocity of slightly 
over 3,500 fps, showed that this alloy is "marginal" 
with respect to its use in a hypervelocity gun. In this 
particular spplicakion a stellite liner last)s long enough 
to furnish a useful gun barrel life, but \\-hen it fails, 
i t  does so by melting along surface cracks. That fact 
'coupled rvith the observation that the surface of a 
st,ellite liner melts mil-hen fired with double-base pow- 
der, even a t  velocities around 3,000 fps, shotved that 
a material of higher m,eltiag p0in.t was needed for 
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FIGVXE 1. Only a Icw ol thc 92 clcments in the periodic table have been found to be resistant to chemical and thermal 
attack by thc powdcr gascs. The symbols of the rare earth elemer~ts have been omitted from this table. 

general use in hypervelocity guns, that is, ones fired 
a t  muzzle velocities grei~ter than 3,500 fps. Hence the 
search for such a material \+-as continued a t  the same 
time that further efforts were made to extend the 
application of stellite. . . 

During World War IT, caliber .50 gun barrels that 
had been nitrided and chromium plated and others 
that had had stellite liners inserted in them were used 
in combat. Production of stellite-lined barrels of other 
sizes was ready Lo start a t  the time of Japanese sur- 
render. The further application of stellite and other 
hot-hard alloys to small arms barrels was continued 
by the Crane Company for the War Department. 
Continua,ti.on of the investigation of chromium elec- 
troplates, of duplex electroplates of chromium and 
other rnctals, and of alloy electroplates of various 
peirs of metals (Chapter 20) a t  the National Bureau 
of Standards m-3,s supported jointly by the War and 
Navy Departments. 

The most promising material for service in hyper- 
velocity guns appears to be a hardened molybdenum 
(Chapter 18). Sufficient progress was made in its 
development during the war so that the Navy De- 
partment continued to support the efforts of the  
Westinghouse Electric Company to make this ma- 
terial in a form suitable for Isrge gun liners, following 

the plans described in Section 33.1.3. Similarly, the War 
Department, under contract with the Union Carbide 
and Carbon Research Laboratories, continued the 
development of chromium-base alloys, which also 
appear very promising for hypervelocity service 
(Chapter 17). Vapor-phase plating (Chapter 21.) does 
not appear to be suitable for gun I-)ores, and therefore, 
its development would not have been continued by 
Division 1, for this purpose, although it  may have 
industrial :npplications. 

Thus the resistant-materials program of Division 
1, NDRC, during the course of 3% ycars led to the 
development of a very successful solution to thc ero- 
sion problem in machine guns and narrowed the 
search for bore-surface materials capable of outstand- 
ing performance under hypervelocity conditions to 
three clearly-defined programs, all of which were 
subscyuently pursued by the Armed Services. The 
present chapt,er surveys the whole resistant materials 
program.c In so doing, the successful developments, 
which rcceivc Inore extendcd treatment in subsequent 
chapters (already noted in the foregoing paragre.phs), 
are summarized in order to give proper perspective 

The work carried out by the contractors of Division 1, 
NDRC, in the development of erosion-resistant materials is 
described in n series of reports listed in the Bibliography. 
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to the large nunlbcr of unsuccesslul tests of other The second requirement is a high resistance Lo 
materials. thermal and cheniical shoclr (Section 1.3.1.2) as evi- 

denced by a minimum tendency for the surface to 
crack under a rapid heating and coo1in.g cycle in the 

16.' PROPERTIES OF AN IDEAL EROSION presence of chenlically active powder. gases. 
R.ES.[STANT MATERIAL In the third place, the material must undergo no 

16.2.1 Introduction abrupt volume changes a s  n result of the cyclic 
changes of temperature and pressure during the firing. 

Somc very definite idcas on the properties of an 
ideal erosion resistant material have evolved during 
the course of Division 1's investigation of gun erosion. 
These concepts are the result of an analysis of the 
results of laboratory tests of materials and firing tests 
of gun barrels with and nithout liners, platings or 
coatings of special mctals or alloys (described in the 
followving sections of this chapter and the remainder 
of Part V), combined with an analysis and interpreta- 
tion of the results of ballistic studies, observations on 
eroded gun bores, and studies of the mechanism of 
erosion (described in Parts JI, 111, 2nd IV). 

The properties required of a satisfactory bore-sur- 
facc material depend on the conditions under which 
i t  is to be usctl. The suitability ol a given material 
for use as a bore surface in a particular g;un tube is 
determined by the characteristics required or desired 
for that A\-crtpon with respccl to size, rate of fire, 
muzzle vclocity, type of arnrnu~iition (design of pro- 
jectile and choice of prop~ll:tn.t), the pressure-tem- 
perature-time characteristics of the powder gas, firing 
schedule, and minimunl useful life. Conversely, the 
ability to nttain some of the desired chnracter- 
istics will depend upon obtaining a suitable bore- 
surface material. 

I n  the case of a coating on steel such volutlie changes 
mLty causc poor adhesion and cracking and thus per- 
mit attack of the underlying steel by the powder 
gases, and in the case of a solid liner they may cause 
either serious cracking or severe constriction of the 
bore. 

As a fourth requirement, the coefficient of therlil~~l 
expansion should be lo~v so that a t  elevated tempera- 
tures the rotating projectile does not lose engage- 
ment with the ri.fling and fail to attain adequate spin. 

16.2.3 Chemical Resistance? 

Chemical resistance requires either that the ma- 
herial be inert to the powder gases a t  the tempera- 
tures attained by the bore surface in contact with the 
hot gases, or ttirtt, if chemical reaction does take 
place, a thin adherent protective film be formed. The 
rate of chernical reaction is involved in chenlical re- 
sistance : the rate must be so low tliat no deleterious 
attack occurs in the short time that hot gases are in 
cont,act with hot metal in a particular 11-eapon. 

16.2.4 Mecl~anical Propertiesf 
- -- 

The prime reqilisites of a satisfactory bore-surface In addition to resistance to thermal and chenlical 
material for any giln tube are resistance to thermal attack by hot powder gases, LL s~~tisf~tctory bore-sur- 
and chemical ~~ttaclr. by the powder gas and suitable face material in any Tveilpon riiust reniai~i in place 
mechanical properties. during firing, suffer no large pern~anent change in 

dimensions, show no permanent defornlation or 1'3011-- 
age and must not w-cur excessively or disintegrate by 
brittle failmc after impact. The lnechanicnl proper- 

R.esistance to t,liermal attack involves four separate ties of t,he material both a t  room tenlp~raturcg and a t  
requirements. First, the material must have a corn- elevatcd teinperatures determine v-hethm given 
bination of high melting point, high specific hcat, and material I\-ith thermochemical rcsistr~nce to attaclr by 
liigh thermal conductivity, such that thc lnaxirliunl powder gases can meet thcse additional mechanical ... 
temperatm.e attained by the bore surface (Sectioli See Section 13.3 for a discussion of tlle chemical fnctors in 
5.4) will alw-ays be well belo~v the nielting point of the closioll of steel guns. 
materid. For hypervel'ocity guns, the meltjing p0in.t f see Section 1.3.4 for n rliscussioll of the lnechnnicsl inctors 
of the bore surface material should be at, least, 1500 C in the erosion of steel guns. 

ancl preferably very much higher. .s I n  gun h:~rrels for use a t  high altitudes in nh'crnft or rir~der 
scvere arctic conditions, some of the Ion--temperature (dovn to 

"ce Section '13.2 for a cliscussion ol thc thermal factors in - 100 F) properties of both the barrel steel artd special bore 
the erosion of steel guns. surface ~nstcrinl are also important. 
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requirements of a satisfactory bore-surface material. 16-3 TEST METFT0:US FOR EVALUATING, 
The strength a t  elevated temperatures must be PROSPECTIVE MATERIALS 

high. If engraving-type projectiles are used, this 
strength is ncccssary to prevent permanent deiorma- 
tion (swaging) of the rifling by impact of the projec- 
tile; howcver, this requirement can be made less 
stringent by thc use of pre-engraved projectiles (Sec- 
tion 27.3 and Chapter 31). Rcsistance to swaging, 
although i t  is related to hot-hardness and hot- 
str.cngth, is not determined by thcse properties alone, 
but also depends on high-velocity inipact resistance, 
which is difficult to measure. 

Resistance to abrasion and wear a t  high tempera- 
tures, which presumably is another corollary of high 
hot-hardness, must also be high. The ductility of the 
material and its impact strength both hot and cold, 
must be great enough to prevent cracki.ng and brittle 
failure during the severe thermal cycle of repeated 
firing. 

Because most erosion resistant materials are applied 
as a liner, a lining, or as a bore coating in a gun-steel 
barrel, it is preferable that the thermal and elastic 
properties of the material be close to those of gun 
steel. 

16.2.5 0th.er Properties 

In addition to the prime reyuisites-thermoclierni- 
cal resistance and suitable mechanical properties- 
just discussed, other desirable properties of a suitable 
bore-surface material are availability in the quanti- 
tics desired and case of application. In order to per- 
mit its application in the form of a liner or lining, a 
substance must be amenable to fabrication in suitable 
sizes and shapes and must be machineable for boring 
and rifling or i t  must be applicable as a relatively 
thin bore coating. 

Jn the next section of this chapter, the test meth- 
ods used are described and the results are summar- 
ized. Although valuable preliminary information can 
be gained from laboratory tcsts of materials and the 
choice of materials can thereby be narrowed to a few- 
promising substances, the ultimate test of an erosion 
resistant material is a firing test in the gun in which 
it is to be used or under conditions as close as possible 
to this ultinlatc objcctivc. The specific applications 
of the newly-acquired knowledge of erosion resistant 
materials and erosion processes to improvement in 
the performance of Service weapons and to the design 
and development of new weapons are described in 
Parts VI and VII. 

16.3.1 La:boratory Explosion Vesfiels 

Important quantitative and qualitative data on 
the resistance of materials to the erosive action of hot 
powder g;ases were obtained by the use of laboratory 
explosion vessels. The information gained concerned 
their resistance to melting, chemical attaclr, and in 
some cases surface cracking, but did not iriclude their 
resistance to the mechanical effects of high pressures 
and deformation or w-ear by a projectile. 

The first device uscd by Division 1 in evaluating 
the resistance of metals arid alloys to pow-der-gas 
erosion was thc crosion vent plug.27 The method of 
erosion vcnt-testing previously employed was modi- 
fied ns dcscribed in Section 11.2.3. The rate of erosion 
was msdc less severe and a better control of the rate 
of burning of the powder was achieved by closing the 
muzzle end of the vent plug with a brass rupture disk 
to release the gases a t  the same predetermined prcs- 
sure. The amount of metal removed on successive 
firings, as determined by change in w-eight, combined 
with the results of metallographic extunination of the 
surface of the vent hole after firing mas completed, 
gave a basis for estimating the erosion resistance 01 
the sample. 

In the first of nearly 100 metals and alloys 
lG-in. vents and double-base powder were used. 
Under thcsc relatively severe conditions the amount 
of metal removed by fusion is much greater than that 
lost in any other way, and therefore the results sug- 
gest wha,t metals have suitable erosion resistance for 
use under conditions of hypervelocity where bore 
melting may be a most important factor. Only four 
metals (tungsten, tantalum, molybdenum, and chro- 
mium) showed promise of a marked improvement 
over gun stcels in resistance to thermal and chemical 
attack under hypervelocity conditions while two 
others (copper and nickel) showed a less marked 
improvement . 

Nickel and most nickel alloys (except niclrel-chro- 
mium alloys \\-it11 more than 10% chromium) are 
subject to intergranular corrosion wh.en, exposed to 
hot powder gases. This tendency was not detected in 
the erosion vent-plug test with %-in. vents becftuse 
of the removal of metal by fusion. Subsequent vent 
tests a t  decrea,sed severity described below and tests 
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of liners described latcr (scc Sectlions 1 6.3.6, 16.3.7, 
l(i.3.8 and lG.i.9) show the complete unsuitability of 
such matelbjals for a bore surface. 

Subsecluent experilnents indicated that by rcduc- 
ing the severity of attack by the usc of an %-in. vent 
and single-base pov-der, the rnicrost,ruct,ures of the 
bore surface layers became much more like those 
observed in eroded guns described in Section 12.1.2. 
The results of thesc tests  ere recorded7%nd the 
results of all vent tests \ziere correlated with erosion 
rates in lnediurll c~lliber guns. Under the less severe 
conditions pure cobalt and high-cobalt alloys includ- 
ing stellite-type alloys are superior in erosion resis- 
tance to gun steels while nickel alloys shorn inter- 
gr~~nular  attack. 

The results of vent-plug tests have only a very 
limited applicability in the selection of materials to 
improve theperformance of caliber .50 machine gun 
barrels and other automatic slnall arms barrcls. The 
reasons for t,his are discussed snd a new testing device 
is described in Section 16.3.6. Vent-plug tests have 
been somen-hat more successfr.ll in the search for 
materials for the exhaust throat,~ of recoilless 
guns,200,2u" 

A modified erosion vent-plug apparatus, described 
in Section 11.2.1, \\-us used to study changes produced 
in the sudacc of chromium and molybdenum as well 
as gun steels by the act,imn of hot p o ~ ~ ~ d e r  gases 
streaming past the flat surface of a block of the ma- 
teriill to be tested, which had been set into a. recess in 
the wall of the vesseL31 Pressure mas controlled by 
the size of a vent plug from which the gases issued 
after floving past t,he D-shaped vents. Flat surfaces 
lnadc possible ready microscopic and x-ray examina- 
tion of tthe blocks between successive firings. Thc 
results on gun stcel are discussed in Section 1.2.2.2. 
The x-ray studicsl" of a chromium block. after firing 
m-ith doublc-base ponder indicated a slight attack by 
powder gases with the formstion of the hitherto un- 
known conlpound Cr304 In the case of molybdenum 
there was only a slight attack both with single-base 
and with double-base pon-ders but the resultant prod- 
ucts could not be identified. 

A thircl type of explosion vesscl (Section 11.2.4), 

similar in general construction to the two types just 
described, was used to study the types of surface 
crack patterns formed under silnlnlated gun condi- 
tions when hot powder gases flowed across flat sur- 
faces ol bloclcs of polishcd gun steel and of a, number 
of other rrletals and alloys." The specimen mas ex- 
amined \\-itli a i ~ i i c r o s ~ o p ~  to ascertain the effects 
produced. Surface cracks formed in pure iron and all 
steels, Inore rapidly in high-alloy steels than in gun 
steels. Intercrystalline cracks formed in pure nickel. 
No surface cracking occurred with molybdenrrm, 
chromium, tantalum or copper under the same con- 
ditions of test. 

In an attempt to separate as co~npletely as possible 
the purely therma,l effects of erosion fro~n the chem-- 
ical effects, an electron bombarcl~nent apparatus (de- 
scribed in Section 11.3.2) was designed whereby the 
wrface of a small sample of gun steel or other mate- 
rial coultl be subjected repeatedly to a very high tem- 
pera1:ure of extremely short cluration. The conclusion 
was reachcd that therzal action alone does not cause 
surface cracking, as discussed in Section 13.5.3. This 
apparatus has been described and the resc~lts of tests 
on gun steel and two other special steels have been 
r e c ~ r d e d . ~ ~ ~ A f t e r  bombardment a special steel, which 
mas called "TEW alloy" (Ni 30, Cr 20, Mo 4, W 4, 
Ta  2, C O.:l, balance Fe) shoxt-ed an expansion of the 
lattice in one direction. This method of sttudy of 
erosion resistance might have value if the degree of 
control could be increased. 

16.3.2 Firing of Metal Particles 
into an Evacuated Tube 

Another method to ascertain the resistance of 
metals and alloys to chernical attack by hot po~r-der 
gases was devised. It consisted in mixing fine particles 
(filings) of the salnple t,o he tested with the propellant 
charge in a csliber .30 cartridge case, after n.hich the 
cartridge was fired into an evacuatecl glass tube, the 
bullet emerging through a port in the forward end of 
the tube. The advantages of this technique were 
threefold. Not only did i t  determine erosion resist,- 
ance but i t  was possible to identify the products of 
such attack and to detect grain growth or inversions 
that might be the results of exposure to hot powder 
gases, i~nd thus affect the rate of erosion. The appa- 
ratus is described in Section 1.3..2.6. The residuc de- 
posited on the walls of the tube was amenable to 
renloval and examination by nleans of x-ray powder 
photographs ~vhich were compared with sirnilat pho- 
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tographs of the original met,al particles and, other 
known standards. 

This technique was applied to a large number of 
 substance^.^^ Excellcnt resistance to structural and 
chemical attack by hot powder gases was shown by 
the pure metals cobalt, tungsten, and tantalum and 
by the following alloys : an iron-silicon alloy contain- 
ing 4.85% Si, Stelljte No. 21, high-nickel alloys with. 
silicon or aluminunl or chromium, and Monel. Most 
nickel-iron alloys and the nickel steels, however, 
showed a slight increase in lattice size which may in- 
dicate some reaction with the hot gases. 

Only a Very slight chemical attack \\-as shown by 
chromium, molybdenum, a chromil~m-hmgsten alloy, 
K42B, Illium R, Xichrome V and nickel 70-tantalum 
30. Gun steels, other steels, pure iron, high-iron al- 
loys, and pure columbium were attacked by the hot 
powder gases. Powdcred ferrosilicon was resistant to 
chemical attack by single-base powder and was found 
to retard oxidation of gun steel durj.ng firings with. 
double-base powder, as mentioned in Section 15.6.4. 
Unfortunately all iron-silicon alloys are too brittle to 
be serviceable as liners or coatings in gun tubes. 

from a propellant for a 37-mm gun ior 0.0036 see a t  a 
prcssurc of about 11,500 psi. A projectile was used ia  
this case with thc rcwult thut, in effect, the gases 
strcamed through n vent of annular cross section. 
The part of thc projectilc that passed through the 
test specimen was a cylinder ground to have a dia- 
metral clearance of 0.005 in. I t  was screwed to a cast 
iron weight that slid in a frame and was subjected to 
a braking action after the projectile had travcled out 
of the tube. The erosion from the mechanicill action 
of the projectile was insignificant. Thereforc a pro- 
jectile was not used in a later form of the apparatus. 
Also, instead of using an annular orifice, a rectangu- 
lar cross scction for the passage of the gases was 
achieved by mounting two flat surfaces of test spcci- 
mens opposite each other a t  an optimum distance for 
thc desired testing conditions. Tn this way a control 
sample could be fired with the unknown under identi- 
cal conditions. 

When the severity lcvcl of the various tests is taken 
into account, the results obtaincd with this apparatus 
were in close agreement with the results obtained 
with erosion vent plugs described in Section 16.3.1. 
Since the vent-plug tests are simpler, more rapid and 

16.3,s Cavitation Erosion Tests cheaper to make, and since the Battelle gun evaluated 
mechanical factors only to a slight extent, Division 

/ 

An investigation3$ of the relation of cavitation 1, NDRC, did not duplicate it. Instead, attention 
crosion to gun erosion was made by subjecting some was concentrated on testing methods (described in 
31 samplcs of gun steels and other alloys, previously the next four sections) which also measured the me- 
studied as erosion vent plugs (describrd in Section chanical suitability of a material as an erosion resist- 
1(3.3.1), to magnetostriction oscillation in air-frcc ant liner or lining in a rifler1 gun bore. 
water a t  8,000 cycles per scc. The dcgrccof corrclation 
between the resistance l;o cavitation erosion and hard- 16.3.5 Caliber .50 Erosion Testing G u n  
ness of the samples was high. There seemed to be no 
correlation between the resistance to cavitation ero- The caliber .50 erosion-tcsting gun,122 a special 
sion and erosion caused by hot powder gases as de- hypervelocity gun developed a t  the Franklin Insti- 
termined in vent-plug tests. Further discussion of tute for an accelcratcd crosion test, has bcen de- 
thrsc tests is given in Section 11.3.3. scribed in Section 11.2.1. 

One of its most important uses was to determine 
ig.s.4 Battelle J,aboratory Gun 

During the years 1941 to 1943, the nattelle Me- 
morial Institute, under Army contract through Water- 
town Arsenal, undcrtook a survey of the rcsist:~nce of 
mctals and alloys to pourder-gas erosion. An appa- 
ratus for smooth-bore testing, called the Battelle lab- 
oratory gun,24515K2 was developed. 

In thc apparatus used in early tcsts, the material 
to be tcsted, in the form of a cylindrical tube, 1 in. 
long and 0.75 in. in inside diameter with a wall 
thickness of 0.27 in., mas in contact with the gases 

the erosion resistance of a large number of metals and 
alloys under these hypervelocity contlitions. h special 
form of the gun was developed to permit insertion of 
a short (8-in.) breech liner a t  the origin of rifling. 
Special materials were tested usually as rifled liners 
or as a plating or coating on the bore of a rifled gun- 
steel liner. A few full-length monobloc barrcls with 
chromium electroplate applied to the whole bore sur- 
face were tested with regular or special projectiles. In  
most cases, a metallographic examination of the bore 
surfacc was made, a t  Harvard Univcrsity, on thc 
liner or barrel after firings. 
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These firing aided in the evaluation ol the 
materials discussed in Section 1.6.4, where references 
are given to other chapters for details about some of 
the more important ones. Of the materials tested as 
lincrs only molybdenum (particularly when hardened 
by a small aniount oi alloying with cobalt and by 
intensive mechanical working), tantalum, and chro- 
mium-base alloys gave promise of being sufficiently 
erosion resistant to 1)-ithstand hypervelocity condi- 
tions. The caliber .50 erosion-testing gun n-as partic- 
ularly useful in the development of molybdenum 
liners." Materials 11-hich gave similar promise in t,he 
form of coatings were pure chrornium electroplates 
and duplex electroplates \\-it21 a chromium bore sur- 
lace and an undercoat of either pure cobalt or a 
cobalt,-tungsten alloy (Section 20.2). 

Steels, Monel, and high-nickel alloys shoived poor 
erosion resistance. The bore surface of liners of Stel- 
lite No. 21 and Stellite No. 22 lneltted when doublc- 
base powder \+-as used, but shomed excellent resist- 
ance to both inelting and chemical attack \vith single- 
basc powder. Pme cobalt and cobalt-tungsten alloys 
applied a,s electroplates melted with double-base pol\-- 
der and, in some cases, the latter were not sufficiently 
adherent, although both showed promise as under- 
coats undcr chromium electroplate. Copper plate 
lnelted ; nickel-tungsten alloy electroplates, andParco- 
lubrite coatings wcrc not erosion resistant ; duplex 
plat,es of nickcl or copper or both under chromium 
and pyrolyt,ic coatings of molybdenum on Stellite 
No. 21 or gun steel \\-ere mechanically unsatisfactory 
because of poor adherence or sevcrc dcforn~ation. 

16.3.6 Short Rifled Caliber .30 Liners 

Because of the short duration of contact between 
powder gases and the borc surface, the high overall 
barrel temperatures during long bmsts, (Section 
5.4.2) and the high rate of fire with the resultant 
severe mechanical effects of projectile impact on the 
])ore surface, the results of erosion vent-plug tests 
(Section 7.6.3.1) have only very 1iniit;ed applicability 
in the selertion of materials to improve the perform- 
anc,e of c:-lliber .50 machine gun barrels and ot,her 
a~tomat~ic  smt~ll t ~ m s  barrels. Since the vent plug is 
not rifled and no projectile is used, the influence of 
various physical and mechanical properties, such a,s 

T n c l e r  n cont,~n,ct ~ ~ - i t h  the Rureau of Ordnance, Navy 
Depxrtmer~t,, adclitional tests in this weapon were ce.rried out 
by the Franldi11 Institutc in  1946 as part of the program for 
ttre f1.1rther development of n~olybclenum liners (Section 18.1). 

ductility aud 'hardness, on the durability of a ma- 
terial as a liner in any gun is not evaluated. 

To meet these objections a new testing device M-as 
d e ~ e l o p e d . ~ ~  In  the first model a short rifled liner oi 
t,he material to  be tested served as a barrel and was 
fitted into t,he rcgular erosion vent-plug explosion 
chamber. Solid copper slugs were fired through the 
barrel and a rapid erosion rate was obtairled by using 
a large pol%-der charge. Resr~lts on the first trials gave 
excellent results which could be correlated \\iit,h ero- 
sion in a caliber .50 ~nachine gun. 

Since firing tests n-ith this arrangement were slow, 
a new caliber .30 erosion-testing gun, designated 
Erosion Gun A, was designed. This fireci a t  a much 
more rapid rate and cmployed readily available stan- 
dard caliber .30 h P  bullets 11-hich were fired through 
a 6-in. long rifled barrcl of the material under test. 
The barrel was rno~mted in :L 37-m~n breech mecha- 
nism, chambered for calibcr .50 cartridge cases hand- 
loaded ~it.11 double-base powtler (3.3% nitroglycer- 
ine). Pressures were mcasinretl with a piezoelectric 
gauge threaded into the chamber. 

Erosion Gun A was used to test the relative per- 
formance of various electropli~ted coatings particu- 
larly chromiunl plates of various types and thick- 
nesses (Section 16.4.2), and was also used to test a 
liner bored from a rod of pure sn-aged cobalt 
(Section 16.4.7). 

16.3.1 Caliber .30 Machine Gun 1,iners 
or 13arrels 

The first tests of possible erosion resistant materi- 
als in an actual gun under the erosion program of 
Division I., NDRC 11-cre made by inserting short 
liners (some s~noot~h bore and others rifled) of the 
special materials in the breech end of a calibcr .30 
machine gun whiah \$-as then fired u-it,h caliber .30 
bullets and double-base pol\-der. The barrels were 
bore-gauged during the firing test and later subjected 
to metallographic exa,mination. A high-alloy steel, 
pure nickel (Section 16.4.9) and steel lincrs ~\ i t ,h  dif- 
fused chromium (Section 16.4.2) and with diffused 
tantalum (Section 16.4.6) bore surfaces mere tested.'$ 
All except the last showed a poorer resistance to 
erosion than gun steel under compttrable conditions. 

TKO high-alloy steels (Silchrome XCR and XI3 
valve steels) that showed better erosion resistance 
and better hot hardness than gun steels, were selected 
for trial as caliber .30 aircraft machine gun barrels, 
as described in Section l(i.4.11. 
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16.3.8 Caliber .50 Heavy or Aircraft be impractical lo apply to a large antiaircraft gun or 

Machine Gun Liners or Barrels to an 8-in. Naval gun. Nevertheless, fundamental 
data can be obtained and much ol i t  can be applied 

The test of materials as short breech liners in cal- 
iber -50 mz~chine gun barrels or as ele~~troplates or 
other bore coatings on short steel breech liners mas 
found to be a very useful, convenient, and rapid 
method of determining the ability of a material to 
withstand the comt)ined effect of high temperature, 
attack by powder. gases, and nlechanical stresses a t  
the l-lore surface during the firing of this $in. 

A method of liner insertion for the testi,ng of ma- 
terials mas devised a t  the (-kophysical Laboratory.' 
Two caliber .50 heavy machine gun barrels were 
modified to make one barrel in two sections, a breech 
section containing the liner and a muzzle section, 
joined together with a threaded joint as described in 
Section 11.2.2. The caliber .50 Browning machine 
gun was sclected because this gun could be fired read- 
ily and cheaply in a simple, easily constructed firing 
range under the control of the investigator. The 
heavy (28-lb, 45-in.) barrel was selected instead of 
the lighter (3.0-lb, 36-in.) aircraft barrel for trials of 
liner insertion because of the heavy barrel walls a t  
the breech end of this barrel. 

Later the Crane company found that the design it 
had developed for the stellite liner for caliber .56air- 
craft machin.e gun barrels (Chapter 22) was sati,sfac- 
tory for testing other materials. The large numbcr of 
firing results obtained a t  the Geophysical 'Laboratory 
and a t  Crane Company in caliber .$O machine gun 
barrels with liners or with plated bores or with corn- 
binations thereof are given in two NDRC report~~O.8~ 
and the resultsare recorded in this report under the 
individual materials tested later, in this chapter and 
in Chapters 17 to 24, inclusive. 

Every gun, or a t  least every class of guns, is to 
some extent a separate prohlern with respect to req- 
uisite characte~istics of its bore surface if erosion is 
to be lninirrlieed and performance enhanced. What 
would be a great improvement in a caliber .50 ma- 
chine gun barrel might be no irnprhovement or might 

i The prograln of liner testing in the caliber .50 heo,vy ma- 
chine gun barrel undertaken a t  the Geophysical Laboratory 
conlbined t,hree purposes: (1) to find out what hupperied in a 
barrel during firing (the mechanism of erosion and dimensional 
changes in the bore); (2) to  oktain quicltly some inforrxlatjorr 
on the relative erosion resistance and rea.ct,ion to firing of 
various materials; l ~ n d  (3) to obtain data which might serve as 
a busis for predicting how erosion in larger guns might be 
minimixed. (In connection with thc latter purpose see the 
Introduclion of Section 11.2.2.) 

,. .-. 
to  the same size gun fired under any or all of the 
following conditions : more severe schedules, b yper- 
velocity conditions, higher cyclic rates of: fire. Such. 
information can also be applied to larger guns, par- 
ticularly if the significant differences between types 
of guns are studied and taken into consideration. 

Experiments performed in the development of very 
superior machine gun barrels sho\ved tthat the best 
evaluation of the relative merits of various liner ma- 
terials could not be obtained if failure occurred by 
deterioration of the steel barrel into which the liner 
for test had been inserted. A satisfactory test of the 
lincr material was only obtained when thc liner failed 
before tlie barrel or when the liner and barrel "wore 
out" simultaneo~xsly. The roles of the liner, the bar- 
rel, and of an erosion-resistant electroplate on the 
steel bore ahead of the liner in the overall perform- 
ance of machine gun barrels are described in Chap- 
ter 24. Thc flexible CGL firing schedule which has 
been found so uscft~l for the evaluation of materials 
and combinations and their performance is described 
in Section 24.1.3. 

16.3.8 Measurements of Thermal and 
Mechanical Properties 

In order to estimate whether there is any possibil- 
ity or probability that B given chemically resistant 
material might meet tlie thermal and mechanical 
requirements of a bore surface in a specific weapon, 
or whether the properties of such a material might be 
altered k)y metallurgical treatment (for instance, by 
alloying, mechanical working, or heat-treatment) to 
enable i t  to meet some requirement in which i t  may 
be deficient, a knowledge of certain t,hermal proper- 
ties and of the mechanical properties of the material 
a t  room temperature and a t  elevated temperatures is 
always desirable and usually necessary. Unfortun- 
ately, the part which the absence of or deficiency in a 
certain property may play in determining behavior 
and performance of the material in a g ~ m  is obscured 
by the interplay of factors. However, valuable pre- 
liminary information cnn be gained from tests of 
physical and mechanical properties and the clloice of 
materials for firing tests can be narrowed down to a 
few promising substances. 

Fortunately, Inany of the thermal and mechanical 
properties of those pure metals ancl adloys, which 
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were found to bc resistant to chemical attack by hot 
powder gases, were known. However, many measure- 
ments on the most promising of these nlaterinls were 
made by contractors of Division 1, NDRC. These 
results are su~nnlarized in the other chapters of Part 
V 11-liere these specific materials are discussed. 

Whether or not a particular bore surface iiiaterial 
re~lches its melting point or softening range depends 
on the heat input under the paa.ticular firing condi- 
tions (Section 5.2), the rate of heat conduction away 
from thc bore surlace, and the specific heat of the 
bore-surface material. The relations of these factors 
have already been discussed in Scction 5.4.4. The 
melting points of all tlle pure metals and the fusion 
ranges of most of tfhe alloys \\.ere known as were their 
thermal conductivities and specific heats, ancl only 
LL few additional measurementsj mere necessary. 

The ease or difficulty of satisfactory insertion of a 
liner of a special material or t,he adherence of an 
electrop1:lte or ot,her bore coating depends in part on 
the relative coefficients of thermal expansion of gun 
stesl and the particular special rntlterial as well as the 
modulus of elasticity ~ m d  other mechanical proper- 
tics. For example, major insertion rlifficulties must be 
surmounted in the satisfactory insertion of a molyb- 
denuin liner, as discussed in Section 26.5.2. Because 
the coefficient of thermal expansion of molybdenum 
is only about one-half that of gun steel, a shrunk-in 
liner is no longer in heavy compression when the gun 
tube becomes hot and because of the high nlodulus 
of elasticity of ~~iolybdenum it takes a high propor- 
tion of the stress. 

The coefficient of thcrmal expansion of a material 
for use :%s the \\.hole or a part of thc horc 3urface of a 
gun tube should be low so that a t  the elevated tem- 
peratlures reached during firing the rot,ating projcc- 
tile does not losc engagcnlent n.it,h t,he rifling and fail 
to attain atlequate spin. Poor pcrforrnance was ob- 
tained with special caliber .50 aircraft machine gun 
barrels of a stainless steel barrel material in \vhich 
short breech liners of Stellit,e Ko. 21 had been in- 

j For dntn on the fusion range and specific heat of Stellite 
KO. 21 and (111 the fusion range and thermal ~onductivit~y of 
chromium-lmsc alloys, see Scctions 19.3.8 arrd 17.3.1, respec- 
tively. 

serted, partly as x result of the high coefficient of ex- 
pansion of such a steel which resultcd in inadequate 
spin and unstable bullets a t  3, much earlier stage than 
with similar modified gun-steel barrels. 

Data, on the thermal expansion of most materials 
were already available. Data on a number of materi- 
als were obtained a t  Crane Company" using 3, re- 
cording dilatometer. Measureil~ents mere made on 
chromium-base s,lloys (Chapter 17) a.t the Univer~it~y 
of Michigan for the Climax Molybdenum Company.sz 

Some pure metals or alloys nlay exist in two or 
more different crystalline forms. Each such form is 
stable only over a certain range of temperatures (and 
pressures) and \$.hen the inversion temperature' (or 
inversion range) is reached there is an abrupt poly- 
morphic change acccmpanied by a volume change. 
Any abrupt volume change affects erosion resistance 
and in ~lddition the relative erosion resistance of the 
several crystalline forms of :l given material may be 
quite different. In the case of a coating on steel such 
volume changes during the alpha-gamma transfor- 
mation in the steel or changes in the coating a t  some 
inversion in the coating material may cause cracking, 
poor adhesion, and mpid deterioration of the bore 
surface. Thermal transformations in gun steals have 
already been discussed in Section 13.2.3. The inver- 
sion temperatures of cubic and hexagonal cobalt ancl 
cobalt solid solut,ions mere determined and are dis- 
cussed in Scction 19.3.2. Mcas~~rt-:ments~~ were made 
on many materials, using a recording dilatorneter, in 
order to detect inversions and other phase transfor- 
mations that may occur in the heating and cooling 
cycle, as 11-ell as to measure the thermal expansion. 

Permanent changes in thc mechanical properties of 
a bore sllrface nlatcrial nuty result from cxposllre of 
such a material to the thermal cycle in a gun bore 
during fi~ing. Hard, cbromium electroplate (Section 
20.2.2), for example, -has a Vickers hardness nllnlber 
[VHN] ol about 800 as deposited, 1111~1 on annealing 
a t  elevated temperatures this hardness gradu~tlly 
drops to around 145 VHN. A similar decrease in the 
hardness of chroiniurn plat,e occurs in plated guns as 
a result of annealing during the firing. In stellite and 
other alloys (see Section 19.3.5) a pe~manent change 
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in hardness (precipitation- or age-hardening) may 
occur during firing, as well as the surface hardening 
(work-hardening) which may occur as a result of the 
mechanical working of the bore surface by thc projec- 
tile. In addition to such changes in hardness 2nd other 
mechanical properties, grain growt,h of metals or al- 
loys rnay also occur as a result of heating and cooling 
during firing. 

The behavior of erosion resistant metals and alloys 
as bore-surfucc materials, particularly when applied 
as relatively thick sections of metal in the form of 
gun lincrs, is dependent upon the strength of these 
mi~terials especially a t  elevatcd temperatures. Unless 
nn erosion resistant material is sufficiently strong to 
resist the high pressures as well as the high tempera- 
tures without a large pcrmanent expansion or brittle 
failure, and strong enough a t  elevated temperaturcs 
to resist thc rncchanical forces of engraving of thc 
projectilc without permanent displacement of mctal 
by flowagc (swaging effect), it will not be a satisfac- 
tory bore-surface material. If the ductility of thc 
material is loll- i t  will be unable to withstand the 
stresses that occur during the pressure and tcmpera- 
ture cycles in the bore, and also engraving stresses, 
without brittle failure by surface cracking and 
cracking in depth. Roth the strcngth and modulus of 
elasticity of the matcrial as compared with gun steel, 
as well as the rclative coefficients of expansion, dctcr- 
minc, in part, the adhesion of an electroplatc or other 
borc coating in a steel bore and the easc or difficulty 
of insertion of a liner in a steel gun tube. 

Attention should be called hcre to the importance 
of high-tempcruture strength in the gun barrel mate- 
rial as well as in the erosion resistant bore-surface 
material. For use with sevcre firing schedules a t  or- 
dinary velocities or for hypervelocity conditions, the 
poor high-temperature strengths of conventional gun 
steels lirnit the performance that might be obtained 
by use of an erosion resistant lincr or bore coating. 
No such liner or bore coating removes heat from the 
gun barrel. As dcscribed it1 Section 24.5, caliber .50 

The rcsults of measurements of ultimate tensile 
strength, yield strength, breaking strength, elonga- 
tion, reduction of area, and modulus of elasticity are 
summarized in Chapters 17 to 21, where specific ero- 
sion resistant materials are dist:ussed. 

When i t  is fired, a gun tube is- subjected to rapidly 
applied stresses (Section 7.1)) both from sudden large 
changes in pressure and also from projectile impact 
on the bore surface. Therefore it is desirable to obtain 
some estimate of whether an erosion resistant liner 
material might have sufficient toughness to prevent 
cracking, fracture, and disintegrakion under these 
conditions. For this purpose standard Charpy tests 
with either keyhole or V notches were made on some 
materials and the results are summarized under the 
specific materials in other chapters of Part V. The 
notch effect is important in determining the life of a 
material and the nature of its failure. For example, 
caliber .50 machine gun liners of Stellite No. 6, which 
(unlike Stellite No. 21) has a low Chr~rpy value, gave 
excellent performance during initial severe bursts of 
fire but later, presumably because surface cracking 
(heat-checking) became severe enough to provide 
"notches," brittle failure occurred by cracking and 
propagation of cracks completely through the liner 
wall. 

More attention must be paid to the dynamic phys- 
ical properties of barrel steels a t  elevated tempera,- 
tures, as well as to these properties of special borc- 
surface materials, in order to utilize more fully the 
advantages gained by the use of such an erosion re- 
sistant bore-surface material in the form of a breech 
liner or a plated bore. Firing tests, described in Sec- 
tion 24.5, have shown that regular barrel steels de- 
teriorate before an erosion resistant liner or coating 
shows any Severe wear or other failure. 

Preliminary investigations were made a t  the Crane 
Cornpany (with t,he apparatus shown in Figure 2) of 
the properties of steels under high-velocity impact 
conditions, compltrable to the stress propagation con- 
ditions obtained during firing. These tests indicated 

aircraft machine gun barrels made of special hest- 
k At Watertown A' rsenalZT7 a constant-deformation machine 

resisting stcels, which a190 contain a breech liner of has heen developed e testing device for progressive stress 
Stellite NO. 21 and whose bores are chromium-plated damage in 8-in. tubes. I t  mensUreA qualitatively the mutual 

ahead of the liner, greatly improve~perfor.m- infl~icnce of ductility of the besrel steel, shape of the stress- 
raiser, stress, rate of straining and temperature on the tenden- 

ance over similar lined -and plated barrels made o f  cy ,f steel to fail by cracking when loaded repeatedly for 
WD 41.50 steel. relatively small number af times. 
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strength values for metallic materials several times 
as great as the values accepted for static-design pur- 
poses. Thc mechanism of metallic deformation under 
conditions of high vel.oci.ty and elevated temperature 
is of an essentially different nature than sl.ow defor- 
mation..' Specifications for gun steels and for erosion 
resistant materials for liners should, therefore, be 
based upon the dynamic elevatcd tcrnperature prop- 
erties, rather than upon the conventional criteria of 
chemical composition and static tensile properties at  
room temperature. Before such spccifications can be 
preparcd i t  must be ascertained whidi dynamic ele- 
vated temperature 'properties are pertinent to gun 
barrel performance and suitable apparatus for deter- 
mining such properties must be adequately devel- 
oped. It is recommended that such studies be pursued. 

HARDNESS, F I ~ ~ - I ~ ~ ~ ~ ~ ~ ~ ~ J  AND WEAR RESISTANCJG 

Firing tests on liners of pure molybdenunl in the 
caliber .50 machine gun barrel (see Scction 18.6.1) 
emphasized the importance of hot-hardness in an 
erosion-resistant lincr material. Even though this 
soft metal was resistant to chemical attack by pow- 
der gases and'to melling, early failure occurred by 
deformation of the rifling and its complete oblitera- 
tion by swaging impact of the bullets. Subsequent 
tests on barrels with chromium-plated bores (Section 
20.2.3) showed that the erosion resistance of chro- 
mium could not, be fully utilized bicause thc gun- 
steel lands beneath the chromium failed hy dcfoma- 
tion and flowage unless they had becn hardened by 
nitriding or induction-hardening. The rate of loss of 
hardness (and strength) of the steel bore beneath an 
erosion-resistant electroplate or other. thin bore coat- 
ing plays an important part in determining the use- 
fulness and permanence of such a bore protection. 

The resistance of a material to deformation by t'he 
projectile is related to hot-ha,rdness and hot-stren.gth 
but is not detcrmincd by thcse alone but also by high- 
velocity impact resistance, mentioned in the preced- 

, ing subsection. Hot-hardness data for most materials 
were not available and a large number of measure- 
ments were made at  thc Research Laboratory of the 
Climax Molybdenum Company for Division 1, 
NDRC contractors. Most of these results have been 
presented in several ~ ~ ~ ~ r e ~ o r t s ~ ~ , ~ ~ ~ , ~ ~ ~  and a few 

1 The infl~ience of impa,ct velocity on the properties of some 
metals o,nd alloys n,t rorxn, teln,peratvw ha,s been studied under 
thc auspices of the War Metullurgy Corn~rlitt,ec (Division 18, 
NDRC).htn 

are summarized for specific materials in other cha,p- 
ters of Part V. In a previous subsection on. "Change 
in Properties on hnnea1in.g or.Heat Treatment,'' atten- 
tion has becn callcd to the effects of the thermal cycle 
in a gun on the hardncss of certain erosion resistant 
metals or alloys. 

A bore-surface material should have good resist,- 
ance to abrasion and wear a t  high tempera.tures. 
Such resistance is presumably another corolla.ry of 
high hot-hardness. No measurements of coef5cien.t of 
friction or wear re~ist~ance were made. Measurements 
of these properties might have been helpful in selcct- 
ing bore-surface materia.1~. The first problem is that 
of apparatus: a satisfactor.y form of which has not yet 
been devised. 

h very useful method for determining the me- 
cl-ianical behavior of erosion resistantmaterials was to 
test tubes with hydrostatic pressure.81 By means of 
the simple apparatus sho~vn in Figure 3 the tensile 
propertics and other properties of a liner material in 

PRESS 

UPPER 

RESISTANCE GAUGE 

PRESSURE 

INTENSIFIER 

FIGURE 3. TTydrostatEc tuhc-tcsting device. ('l'bis 
drawing u-as obt,ained by courl;csy of (,he Geophysical 
Laborstory .) 
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t,hc sllspc of a, tube could be deter~nined. By electro- 
plating the inside of steel tubes, subjecting them to 
hydrostatic pressr~rc of diCfcl.r:nt a lno~~nts ,  :~nd  cxaln- 
ining them a t  differcrlt st~tgcs in the test, the inner 
fiber stress a t  ivlich the plat,e craclred could be found. 

This method of testing ivas also used to detect flaws 
or lack of ~trengt~h in individual liners before insertion 
in the gun barrel for test. ,4 rifled liner \\.as subjected 
to successively increased hydraulic pressures up to 
the maximum pressure of the gun barrel. If the liner. 
passed this test but failed in the gun, such failure in 
all probability was not caused by a flaw in the par- 
ticular sample. This preliminary nondestructive test 
that insured the soundness of the lincrs fircd ~\-tts very 
helpfrll in t,he early stagcs of the dcvelopmcnt of 
molybdenum liners, before the fabrication methods 
described in Chapter 18 had made it possible to pro- 
duce samples without flaws. 

To determine the relative adherence of platings or 
coatings prepared in different mays on steel or other 
material, a special ring testn3 was developed in 11-hic11 
a ring cut from a plated tube was severely deformed 
by compressing it longitudinally at, room tcmpcraturc. 

In addition to the ring-compression test just de- 
scribed lor determining thc adherence of plates or 
coatings, similar ring-conipression testsg" were used 
to evaluate the ductility and strength of va~.ious 
samples of molybdenum fabricatedby different meth- 
ods. During the development of improved fabrica- 
tion methods for molybdenum describer1 in Section 
18.3, it was ncccssrlry to have a simpler test so that 
the strength and ductility of the metal could be 
determined quickly on a large number of specimens. 
A sirnplc bcnd testY5 on a modified tensile and guided 
bend test machine was developed for this routine 
testting. 

In addition to the usc of the hydrostatic tube test- 
ing method (already described in this section) for the 
detection of flaws in a metal or alloy, several other 
methods were employed. ilatliograpl~ic inspectionR0 
of castings of Stellite No. 21 ~ ~ t l s  used to detect blow- 
holes, porosity, and refractory inclusions. Cracks in 

molybdenum!'~were detected eil;l-ier by treating the 
pieces wit11 aqua regi:~ which caused the craclcs to 
:LIIPCLL~ as black lines or by the use of the 'L~yglo' '  
method, where the piece is soaked in thin oil, sprinkled 
with ft fluorescent p o ~ ~ d e r ,  and then exanlined under 
ultraviolet light. Magnetic, electronic, and sonic de- 
vices for the detection of fl:~,ws in metals and alloys 
were considered but wcrc not s.ctllally used in the 
erosion-resistant liner progrllm. 

The iliachineability of ft liner or gun barrel mat,arial 
is an important practical matter. Both tungsten and 
lnolybde~luln were considered fur development ns 
possible liner materials for hypervelocitv guns. One 
rcason for rejection of tungsten in favor of molyb- 
denum lvas the lack of machineability of the former. 
Sonie alloys are considered difficult to machine be- 
cause no one llas thc "know horn." Ry the use of the 
proper cutting tools, Seeds and speeds, a t  Crane Com- 
panyll"t \\-as easy rtlltl practical to bore and rifle 
liners of Stellite No. 21 and cvell lincrs of the much 
more refractory Stel1it;e No. 6. Similai.ly, a t  Climax 
Molybdenmn Cc)ni.pany, satisfactory practical meth- 
ods of boring and rifling liners of chromium-bitse 
alloysw were developed. The ease with which molyb- 
clcnnm lnay be machined was improved by studiesg'; 
made at  Westinghouse Research 1,aboratories. 

Therc seems to be little doubt that, if necessary, 
grinding methods could be s~lccessfully developed for 
handling nonmachineable metah or alloys. Such 
methods can only be used for rifling gun bores of medi- 
um or large caliber. For small bores, such as r::~liber 
30,  .50, or .GO (or even 20 mm) grinding methods arc 
probably impossible or a t  least irnpractlical. 

16.4EVALUATION OF LINER AND COATING 
-&lflEfilALS 

I3y means of the test methods just described in 
Section 1.6.3, the possibilities of various metals and 
alloys as bore surface ma,terials have been evaluated. 
No substance ivas found to possess the perfection 
required in an ideal erosiori resistant material as 
described in Section 16.2. Several metals or alloys 
were found ~~:hich, in addition to being resistant to 
chcmicill attack by hot po~viler gases, also met the 
th~mn~al and mechanical requirements of a bore sur- 
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face for a specific weapon under severe firing condi- 
tions or could be sufficiently changed by lnetallurgy 
(alloying, mechanical working, heat-tree,tmcnt, ctc.) 
to enable them to meet some requirement in which 
they were somewhat deficient. Before making an 
appraisal of possible bore-surface materials, a short 
analysis of the importance of the several factors con- 
tributing to failure of such materials will be given. A 
firing testq%f'a short breech liner of pure unhardened 
molybdenum in a caliber .50 heavy machine gun bar- 
rel showed that, even though there was 1itt)le or no 
powder gas erosion (thermal and chemical attack), 
the lands a t  the origin of rifling and for some distance 
beyond were deformed and flattened, with the result 
that there was a very rapid loss in both velocity and 
accuracy. A similar result was obtained in regular 

I stccl barrels for this same gun, whose unhardened 
steel bores had been protected from chemical and 
thermal attack by an erosion-resistant plating (chro- 
milim electroplate). The steel beneath the plate de- 
formed and rifling was obliterated; as described in 
Section 10.5.3. These results emphasized the impor- 
tance of hot-hardness, resistance to permanent de- 
formation, and wear resistance in a machine gun 
barrel, even a t  ordinary velocity. 

The hypothesis was advanced that, since the time 
that powder gases are in contact with the bore sur- 
face is very short in the caliber .50 machine gun, 
possibly hot-hardness and wear resistance rather 
than resistance to powder gas erosion might play the 
most important part in determining performance. To 
test this hypothesis a few materials of known hot- 
hardness but different composition were selected for 
test. Liners of high speed steel, two hot die steels, and 
Stellite No. 6 were prepared and tested.x0 The first 
three materials all showed poor performance, owing 
to thermal and chemical attack by powder gases and 
two of them cracked besides. The liner of Stellite No. 
6, 011 the other hand was resistant to thermochemical 
attack and to deformation of the rifling. However, 
ultimate failure occurred by cracking. Thcsc results 
showed that resistance to thcrmochemical attack was 
a prime rcquisite for a bore surface material, even in 
thc caliber .50 barrel a t  ordinary velocity. It turned 
out that in the stellite selected for this test, hmt- 
hardness had been overemphasized a t  the expense of 
ductility, for later tests of Stellitc No. 21 sliowcd that 
i t  has adequate hot-hardness and wear resistance 
combined with excellent ductility. The outstanding 
success with this material as a machine gun liner, will 
be outlined later in Section 16.4.8. 

The comparative performance of Stellite No. 21 
and molybtlenuln in r,a.liber .50 machine gun barrels 
ant1 of Stcllitc No. 21 and rnolybdenuln (both un- 
hardened and hardened) undcr hypcrvelocity con- 
ditions in the caliber .50 erosion-testing gun showed 
that resistance to plastic deformation and wear are 
important qualities of an erosion resistant material 
but are not sufficient to meet all of the conditions. 
The deformation of the rifling in liners of pure un- 
hardened molybdenum in both of these guns showed 
that resistance to powder gas erosion (thermal and 
chemical attack) is also not a self-sufficient quality. 
The veiy promising pe r fo r rna r r ,~~~~  of a h e r  of hard- 
ened rnolybdenurn (Section 18.6.2) in the caliber .50 
erosion-testing gun indicated that the combination of 
thermochemical resistance (no chemical action with 
or melting by hot powder gases) with high hardness 
at the worb;in,q temperature of the gun is a sufficient 
qualification provided, however, that the liner ma- 
terial has sufiicient ductility and impact resistance 
both hot and cold to prevent brittle failure and dis- 
integration. l'relirninary firing resultsR7 with liners of 
chromium-base alloys (Section 17.4.3) indicated that 
even relatively brittlc ~naterials, which have the other 
necessary requisites of a bore-surface material, may 
be utilized if they are so inserted as to maintain them 
under compression and minimizc the possibility of 
brittle impact failure. 

An appraisal of possible bore-surface materials lvill 
now be given. Additional details about the most 
promising ones are given in later chapters of this 
report. For further information about the others ref- 
erences are given to the reports submitted by the 
contractors of Division 1. 

16.4.2 Chromium Electroplates, Duplex Plates 
and Other Chromium Coatings 

Chromium electroplates show considerable promise 
as bore-surface matcrials both a t  conventional ve- 
locities with highratcs of fire and under hypervelocity 
conditions. Pure chromium deposi1;etl electrolytically 
is a brittle metal and quickly devclops cracks as a 
result of firing stresses and some recrystallization 
during firing. Hot powder gases penetratc these 
cracks and attack tho underlying material (see Sec- 
tion 13.2.3) and possibly the chromium and finally 
there is failure by undercutting, as described in Sec- 
tion 20.2.1. As a result of the studies of Division 1, 
NDRC, combined with those undertaken by the 
Army Ordnance Department, the effectiveness of 
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chromium plate in resisting erosion ancl thus in~prov- Is.r.s Chromium and Chromium-Basc 
ing the life and perform:mct: level of automatic:, 
rapid-fire guns has been clemonst,rated and the effec- 

.Alloys 

tiveness of chronliunl plate for servicc under hyper- 
velocity conditions has been indicated. 

The possil-)le advantages of duplex plates and stud- 
ies of alloy plates are discussed in Chapter 20. The 
development of improved machine gun barrels by the 
application of chro~niu~n electroplates in conjilnction 
with bore hardening or with liners and other barrel 
modifications is described in Chapters 23 and 24. The 
commercial development of the chromium plating of 
small arms barrels is described in Chapter 25. The 
success obtained in iniprovingplate utilization, partic- 
ularly under hypervelocity conditions, by ,mitigation 
of the ~nechanical effects of the engraving of the pro- 
jectile by the use of pre-engraved projectiles or by 
the use of the Fisa protector is described in Chapters 
31 and 32, respectively. 

In addition t,o the use of hardened steels under 
chromium electroplatc, ('hot-hard" liners of 2 nickel 
and of Stellite No. 21 were tried as base material for 
chromium electroplate. The results were unsatisfac- 
tory because of poor adhesion of the plate an these 
surfaces. 

The deposition of chromium pyrolytically from the 
vapor of its cizrbonyl tws inve~ t iga t ed , '~ ,~~  us dc- 
scribed in Section 21.6. The method does not appear 
to t ~ e  suitable for gun bores. The ~a rbony l '~  is difficult 
to prepare. The process of plating is complex and 
difficult and the metal, which contains some carbon, 
is hard and very brittle. 

A firing test was made in a caliber .30 machine 
gun78 on a steel liner with a bore surface of diffused 
chronliun~ prepared by heating i t  in an :~tmosphere 
of chro~niurn chloride."~eriolls erosion occurred and 
performance was inferior to gun steel. Attention is 
called to the point that a "diffused chromium" sur- 
face is not a surface of pure chromium but a graded 
series of iron-chromium alloys produced by a diffu- 
sion or "cementation" process. 

As is brought out in Section 20.5, investigation 
should be continued concerning the chromium elec- 
troplating process, types of pure chromium plate, 
alloy plates and duplex plates, and the properties of 
such plates, and the effects of gun tube and projectile 
design on their performance. Studies should be made 
of the performance in medium-caliber guns of these 
plates on hardened steel bores and on special .full 
length or partial length thin bore liners or linings of 
"hot-hard" alloys. - - . 

Erosiorl vent-plug tests, other laboratory tests, and 
examination of worn chromium-plated medium-cal- 
iber guns had emphasized the excellent resistance of 
chromium metal to melting and chemical attack by 
hot powder gases even under severe conditions. At- 
tempts mere made to utilize this metal as a liner 
material. The outstanding deficiency of chromium is 
cold ductility. Hence a liner mude from chron?ium 
electroplate (Scction 17.2.2) crr~cked after having 
been fired only a fen- rounds.4Y 

Pure chromium, when melted and cast in a vaci~urn, 
yielded ingots of soft but brittle metal. AttgnptsB3 
to impart ductility by control of purity, by mechan- 
ical working, and by additions of small to modefate 
amounts of alloying constituents, which are described 
in Chapter 17, wcre unsuccessful. Although the metal 
showed some hot malleability over a limited range of 
temperatures, it was always brittle \<hen cold. 

However, a group of chromium-base alloysB7 (vac- 
uuln melted alloys with approximately 60% chro- 
mium, 25 to 30% iron, 10 to 15% molybdenum with 
very low carbon) sho11-s considerable promise. They 
have very good resistance to thermal and chemical 
attack undcr hypervelocity conditions and are strong 
and hard so that no deformation of the rifling occurs. 
Their one weakness is their low ductility. In spite of 
this deficiency, when liners lVere properly inserted in 
caliber .50 aircraft machine gun barrels, they showed 
outstanding performance and did not crack and dis- 
integrate. These alloys and tests are discussed i11 
Chapter I f .  

Since both chromium metal and copper have ex- 
cellent resistance to chemical attack by hot powder . 
gases, an at,te~npt mas made to improve the mcchan- 
ical properties of chromium by preparing powder 
metallurgy compacts" of chromium powder impreg- 
nated with an optimum arnount of copper with or 
without subsequent mechanical working by swaging. 
The best of these compacts showed lorn weight losses 
(considerably less than gun steels) in erosion vent- 
plug tests4Y but not as lo~v- as were shown by cone- 
sponding coinpacts made from molybdenum or tung- 
sten powders (Sect,ions l(3.4.4 and 16.4.5). Because of 
the melting out of copper and the low hardness of the 
compacts, they cannot be considered potenti,ally use- 
ful as gun liner materials. Nickel and palladium were 
tried as impregnating materials for chromium powder 
but attacked the chrorniunl and formed alloys. 
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the projectile in rapid-fire guns but most of the 
high-cobe,lt alloys havc r~cletluutc hot-hardness and 
cxccllcnt strength and ductility. 

Pure cobalt was tested" as a short rifled liner in the 
caliber .30 erosion gun "A" (see Section 16.3.6). Al- 
though i t  show~d excellent resistrtnce to chemical 
attack and melting, deformation of the rifling occur- 
red. A liner of a cobalt alloy containing 7y0 ttrlngsten 
testedu in a caliber .50 heavy machine gun barrel 
showed excellent performance, but is probably no 
better than Stellite No. 21 (see Section 16.4.8), which 
contains much less cobalt and can be fabricated morc 
easily. A cobalt-base alloy (63 Co, 32 Fe, 4 Cr, 0.02 C) 
showed better erosion resistance than gun steels in a 
vent-plug test with %-in. vent and showed good hot- 
hardness up to 600 C, but its hardness deteriorated 
very rapidly above this temperature and no further 
tests of this alloy were made. The results of lab- 
oratory tests on iron-cobalt alloys are described in 
Section 16.4.11. 

A gun-steel liner electroplated with pure cobalt 
0.005-in. thick was tested7" in the caliber .50 erosion- 
testing gun under hypervelocity conditions with 
double-base powder. Adherence was satisfactory hut 
melting and deformation of the rifling occurred. 
Cobalt-tungsten alloy plates (see Section 20.4), 
which can readily be hardened by aging, were de- 
posited on gun-steel liners and tested both in the 
caliber .50 erosion-testing gun under hypervelocity 
conditions and in the heavy and aircraft caliber .50 
machine gun barrels. Melting occurred under hyper- 
velocity conditions and difficulties with adhesion 
were encountered in all tests unless the plate had 
been bonded to steel by a high-temperature diffusion 

-- - .  treatment. These plates require more development 
and...-show considerable promise as bore-surface 
mateiitls in ~neclium caliber guns a t  normal veloc- 
ities. The pi-omise shown by pure cobalt plates 
and the -alloy plates. as ~mdercoatings beneath chro- 
mium plate has already Seen-.pointed out in Section 
16.4.2. 

strength a t  high temperatures, and cxccllent wcar 
and abrasion resistance, have shown outstanding pcr- 
fomancc in applications as  short breech lincrs in 
machine gun barrcls under firing corlditions so severe 
that unmodified stpel barrels are unable to mit,hstand 
such schedules. 

A large number of stellitcs have bcen tested as 
liners but, as shown in Chapter 19, norlo is as satis- 
factory as Stellite No. 21, which has the optimum 
combination of mechanical properties (including both 
hot-hardness and good ductility) for service as a liner 
material. The outstanding deficiency of the stcllitcs 
is their low melting ranges (usually 1250 to 1300 C) 
which limits their application to guns in which bore 
mclting is not Ltn important factor in erosion. In the 
caliber .50 crosion-testing gunT6 under hypervelocity 
conditions liners of Stcllite No. 21 performed satis- 
factorily with single-base (IMR) powder but the 
bores melted when double-base powder was used, as 
illustrated in the two parts of Figurc 6. 

Attempts were made to utilize the good ductility 
and hot-hardness of Stellite No. 21, under hyperve- 
locity conditions or severe firing conditions in ma- 
chine guns a t  an increased velocity obtained by the 
use of double-base powder, by protecting a stellite 
bore with a high-melting erosion resistant plate. 
These attempts were unsuccessful. Chromium dcpos- 
ited electrolytically from aqueous solutions had poor 
adherence and molybdenum applied by pyrolytic 
platingn3 was unsatisfactory because of the formation 
of a brittle intermetallic compound at  the interface 
between plate and base material during firing, as 
described in Section 21.3. Further efforts should be 
made to deposit chromium by electroplating and 
then improve adhesion by high temperature bond- 
ing. Nitriding had no cffect on the performance of 
liners of Stellite No. 22. 

The properties of the stellites (particulurly Stellite 
No. 21), the development of Stellite No. 21 as a liner 
material, studies of the utilization of this alloy (cast- 
ing mcthvds, bonding to steel, and the effects of hard- 
ness, composition, heat-trcatmcnts, method of inscr- 

16.4.8 Stellite No. 21 and Other Stellites tion, liner length and wall thickness on performance), 
tests of stellites under hypervelocity conditions, ap- 

The stcllites are cobalt-base alloys with 25 to 30% plications of Stellite No. 21 to the 37-rnm M3 cannon, 
chromium, and with a moderate amount (usually 5%) and tests of other st,ellites in machine gun barrels are 
of molybdenum or tungsten, and small or moderate described in Chapter 19. Figure 7 shows a cross sec- 
amounts of one or both of the metals iron and nickel, tion of a Stcllitc No. 21 lincr which had been fired 
and with carbon contents varying from 0.2 to slightly almost 1,100 rounds in a caliber .50 machine gun. The 
over 1%. Stellites, because of their resistance to successful insertion of liners of Stellite No. 21 and 
chemical attack by hot powder gases, hardness, and their application to machine gun barrels, and their 
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material. Because of the possibility of a critical short- 
age of cobalt in case the war should be of long dura- 
tion, an attempt \\-as made to find a satisfactory 
substitute for Stellite No. 21 (which contains about 
64y0 cobalt) with a lower cobalt content or no cobalt. 
Because of these consiclerations, in addition to stud- 
ies of t,he effer:t on liner perfor~nancc of replacing a 
part of the cobalt of Stellite No. 21 I+-it11 one or both 
of the metals nickel and .iron, a preliminary recon- 
naissance was made of the possibilities of cast or 
wrought iron-nickel-cobalt,-chrornium alloys with low 
or modcrate carbon contents and any or all of the 
metals, molybdenum, tungsten, columbium, and tan- 
tadum, as hardeners. 

Fortunately, about 77 heat-resisting a.lloys of this 
series m-ere under investigation and development by 
the War Metallurgy Committee (Division 18, 
NURC), the Savy  Department arid the National 
Advisory Committee for Aeronautics for use as blades 
in gas turbines, in turhosuperchargers and for other 
important high temperature uses. In order to expedit,~ 
the preliminary study of the potentialities of these 
alloys as materials for gull lincras, an arbitrary separa- 
tion into groups was made as follo\vs on the basis of 

1 ion : chemical compos't' 
Group 1. Stellite-type alloys : Cobalt-chromium 

alloys (cobalt,-chromium ratio roughly 70 Co-30 Cr) 
with about 5% of either tungsten or ~nolybdenum 
and varying carbon content from 0.1 to 0.5%. Part 
(up to about one-half) of the cobalt may be replaced 
by nickel. 

Group 11. K 42-B-type alloys : LOIT-carbon al- 
loys, approximately Ni 40, Co 25, Cr 20 with Ti and 
A1 as hardening agents. 

Group 111. Refractaloy-type alloys : Co-Ni-Cr al- 
loys with about 12y0 of body centered cubic metals 
(Mo, W, Cb, Tn.) and varying carbon contents be- 
tween 0.05% and 0.5%. (For example : 30 Co, 20 Ni, 
20 Cr, 16 Fe, 5 Mo, 4: W, 0.1 C.) 

Group TV. K-155-type alloys : Co-Ni-Cr alloys 
~vith about 6% of body centered cubic met)als (Mo, 
W, Cb, Ta) and varying carbon c0nten.t~. (For ex- 
a,nlple: 20 Co, 20 Ni, 20 Cr, 30 Fe, 3 Mo, 2 W, 1 Cb, 
0.3 C.) 

Group V. S-497-type alloys : Co-Ni-Cr alloys 
(lo\\-er C:r than Refractaloy or N-155-types) with 
a,bout 12% of body centered cubic metals (Mo, W, 
Cb) :md varying carbon c~n t~en t s  between O.lyo and 
0.5% (For example: 20 Go, 20 Ni, 14 Cr, 30 Fe, 4 Mo, 
4 W, 4: Cb, 0.4 C.) 

G~,oup VI. Hardened nickel-chromium alloys : 

Modified Inconels with hardening agents such as Bc, 
73, Al, Mo, MT. 

Group VII. I-Iardened shinless stccls: Modified 
18-8, 25-12 or plain Cr stainless steels wiLh hardening 
agents such as Ti, Mo, W, Cb, Mn. 

Some members of all except t,he last type sh.o\v 
promise a,s possi1)lc gun-liner inatcrials. hlost hard- 
ened nickel-clironli~lni alloys gave poor t,est results 
except Ha.st,elloy "C" (see Section 1.6.4.9). Of the 
remainder, I( 42-B-type alloys sl-low t,he le:n,st prom- 
ise for gun lincrs. 

A reconnaissance series of these hot-ha,rd alloys 
l-as prepared and cast liners ~ubject~ed t,o firing tests 
in caliber .50 aircraft machine gun barrels. The re- 
sults are described in Secl;ion 19.8.2. 'i'he experi- 
mental program of Division 'I was terminated before 
the full potentialities of thesc materials could be 
evaluated. The Solloving observations seem war- 
ranted by the data available on thermal and mechan- 
ical properties of these alloys a t  both room tempera- 
ture and elevatcd t,empernturcs combined ~vit~h thc 
limited firin,g results : 

1. Some of these alloys besides thi stellites show 
promise for use as liners in ina.chine gun barrels. Fur- 
ther test and developnlent (particularly the effect of 
heat-treatment on the hardricss and properties) 
shoulcl be givt.11 to Refrac:taloy No. 70" and to other 
Refractaloy-type alloys and firing tests shotdd be 
made or1 liners of 5-155 alloy v i t h  ul;)out 0.25 or 
0.35% carbon. 

2. Chromiunl and cobalt,, particularly a combine- 
tion of both in these alloys, enhances their resistance 
t,o chemical attack by powder gasses. 

3. None of these alloys has a sufficicr1l;ly high melt- 
ing point to be used as a bore-surfacc material in a 
gun under hypervclocity conditions \\.here nzeltjng 
plays an important part in crosion. Most of thein 
have fusion ranges bet~veen 1200 and 1300 C:. I t  
lnight be possible t,o ntilizc the excellent, hot,-harhcss 
and du~t~i1it-y of sornc of these matcrials s s  ljners, 
either under hypervelocit,y c:onditions cr in machine 
guns under severe firing conditions a,t a,n increased 
velocity obi;ainecl by usc of increased powdcr chitrgcs 
of single-base po~\-dcr 01. by the use of double-base 
po\\*der, if their rifled bores could be protected from 
melting by thc use of a high-me1t;ing er.osi.on resistant 
plat,e (sucti as chromium plate) provided that such 
plate can 1)e made adherent. This possibility should 
be explored. 

.!I,. Trials sre 1var1.anted of liners of some of these 
nlaterials in medium calibc~: guns a t  conventional 
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firing testsu0 in caliber .50 heavy machine gun barrels 
and in addition to brittle failure all showed chemical 
interaction with powder gases and formation of an 
altercd surface layer and hence have no promise as 
borc-surface materials. 

Hot,-hard steels such as the hot-wo~.king die steels 
do not retain their hardness a t  elevated tcmperaturcs 
inuch better than regular WD 4150 gun steel, if thcy 
are heat-t,reated to a hardness of 30 to 35 Rock~vell C. 
At this hardness their machineability is fairly good. 
Wht:n heat-treated to 50 Rockwell C, some of these 
alloys retain their hardness remarkably well up to 
about 700 C, but then they are not readily machine- 
able and also ductility and impact resistance are poor, 
with the result that n~achine gun lincrs of these alloys 
showed brittle failure us well as evidence of chemical 
attack on firing. 

cellent tensile properties, hot-hardness, and ductility, 
but in the hardened condition, elongation dropped 
from about 22 per cent to around 3 per cent and liners 
,failed by cracking. Silchrome XCR is difficult to 
prepare clean and free from oxide or carbide segrega- 
tions which make i t  difficult to machine. Another 
similar valve steel Silchromc XB (10.5 Cr, 1.35 Xi, 
2.29 Si, 0.76 C) \\-as also being machined into barrels 
for the caliber .30 machine gun. This steel was be- 
lieved to have good erosion resistance on the basis of 
vent-plug data. Tcrmination of the experimental pro- 
gram of Division 1 prevented completion of caliber 
.30 machine gun barrels of these steels and thei.r 
testing, which sh.ould be completed. 

Iron-tungsten electroplates had good hot-hardness Laboratory tests and firing tests sho~ved that WD 
but were not resistant to powder gas erosion. 4150gun steel and Nitralloy when hardened by nitrid- 

ing or induction hardening of the bore showed no 

Mononlorphous iron-base alloys (iron with molyb- 
denum up to 20% and very low in carbon), which can 
be readily hardened by precipitation or aging, when 
tested as vent plugs showed large wight  losses as a 
result of chemical attack. 

A 3% molybdenum steel (0.13-0.18 C) was lound 
to have better erosion resistance than WD 4150 gun 
steel with single-base powder but, with double-base 
powder, it resisted erosion no better thun tlhe gun 
stecl. 

As already mentioned in Section 113.3.2, powdered 
ferrosilicon mas resistant to cheniical attack by single- 
base powder hnd retarded oxidat,ioil of gun steel dur- 
ing firings with double-base powder. A liner of a 
silicon steel (4.7%) tested76 in the caliber .50 erosion- 
testing gun disintegrated by brittle failure after a few 
rounds. Unfortunately all iron-silicon ttlloys are too 
brittle to be satisfactory as liners or coatings in gun 
tubes und in addition their melting points are too lo~v ' 

for severe service. 
When tested as a linerB1 in the caliber .50 heavy 

machine gun barrel, an aircraft engine valve steel 
Silchrome XCR. (24 Cr, 5 Ni, 3 Mo, 0.45 C) 
shou-ed much better resistance to thermochemical 
attuck by powder gases than regular WD 4150 gun 
steel. In the unhardened condition this steel had ex- 

better resistance to powder ~ L L S  erosion than in the 
unhardened condition. The use of hardened steel 
bores protected by an erosion-resistant chron~ium 
plating to improve the performance of machine gun 
barrels is described later in this report (Chapter 23) 
and the usc of special st,eels with better high, tern- 
peiature properties than -,gun steels to enhance .the 
perforlnance of erosion resistant liners or plates or 
conlbinations thereof is described later in this report. 
(Chapters 23 and 24.) 

16.4.12 Copper and Its Alloys 

Pure copper arid high-copper alloys sho~v no prom- 
ise as bore-surface lnatcrials in spite of the fact that 
these materials shdw cxcellent resistance to chemical 
attack by hot powder gases. Even though the.melt,ing 
point of copper is relatively lo~v, because of its high 
specific heat and excellcnt thermal conductivity, the 
melting point of a copper bore surface rnay not be 
attained during firing except under very severe con- 
ditions. Copper and all hardened copper-base alloys 
(for exarnplc, copper-berylljunl alloys, n-hick have 
excellent room temperature properties) lack, by a 
large margin, the necessary strength ancl hardness to 
resist severe deformation by powder pressures and by 
the swaging impact of the projectile at the working 
temperature in guns. The unsuccessf~~l attempts to 
utilize copper in gun liners as one component of pow- 
der inetallurgy conlpacts of chron~iym or molyb- 
denlun or tungsten powders with copper was previ- 
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ously described in this report En Sections 16.4,3, 
16.4.4, and 1.6.4.5, respectivcly. Copper failed in firing 
tests7%s an electroplate or as an undercoat under 
chromium electroplates (see Sections 16.4.2 and 
20.2.4). The severe plastic deforirlation or evcn melt- 
ing of bullet jackets of gilding metal (a high-copper 
alloy) may bc a limiting factor in thc performancc of 
ilrlproved machine gun barrels under very severe 
firing conditions as rncntioned again later in this 
report (Chapter 23). A rifled liner of copper hardened 
by alloying with a small amount of chromium when 
tested7%y firing in a caliber .30 machine gun showcd 
no chcmicnl attaclr, but severe dcformation and \year 
obliterating the rifling. 

caliber .50 erosion-testing gun was coated with LL 

Parco-Lubrite coating approximately ?&mil thick. 
This coating consists chiefly of a mixture of iron and 
manganese phosphates. T t  was bclievcd that t,he re- 
duced friction between the bore and the projectile 
would result in nn increased velocity lile. A firing test 
showcd no improvement in pcrforrnancc as compared 
with an untreated steel I t  should be notcd 
from Scct,ion 31.4'.5, howevcr, that a dccided im- 
provement jn pcriormance is ol~tained whcn the pre- 
engraved projectiles are Parco-Lubrized. 

In firing tests in the calibcr .50 erosion-tcsting gun 
on barrcls or liners with chromium-plated borcs, the 
life of the chromium plate was prolonged and per- 
formance improved by the use of cadmium-plated 

1"4*13Surface Coatiiigs and Bore 8Lub'r:icants bullets, as mentioned in Section 31.4.5. On the othcr 
hand, trialss1 with cadmnium-~lated AP bullets M2 in 

Attempts have been made to find a nonmetallic nitrided and chromium-plaied caliber .50 aircraft 
inaterial that can be applied to a gun steel bore sur- machine gun barrels showed no improvement coin- 
face to protect it from erosion by the'powder gases, pared with similar barrels fired with the same bullets 
or which a t  least will reduce the frictional component, not plated. 
of erosion. The latter purpose has also been extended - - 
to include the case of chroniiurn-plated bores. None 16.4.14 

of the rnatcrials tried has bcen successful. 
Other Metals and Alloys 

h liner of WD 41.50 gun steel whose rifled bore sur- 
face had been specially t,reated in steam a t  1000 F to 
yield an oxidized bore surface of magnetic oxide of 
iron showed7%o improvement in performance over 
untreated gun steel in the caliber .50 erosion-testing 
gun. 

One of the means suggested for protecting the bore 
surface was by a renewable film a,pplied to thc surface 
as each round is fired. The material selected for trial. 
was a fluorocarbon, which is a chemically inert com- 
pound of high boiling point developed by Division 9, 
NDRC. 

In  order to determine the effect of a film of fluoro- 
carbon on the erosion of gun stcel, a special type of 
bullet with a grooved ba.se-cup sealing ring was used. 
This groove, together with a, deep groove in front of 
the base-cup, was filled with the fluorocarbon in the 
lorm of a grease before seating the bullet in the cal- 
iber .50 erosion-testing gun. It turned out that the 
film of fluorocarbon helped seal e~osion cracks and 
thus reduced the customary drop in muzzle velocit,ylm 
but the degree of erosion was just as severe as t h ~ ~ t  of 
a control barrel with no protecti.ve film.76 

The bore of e. WD il:3.50 gun steel barrel for the 

This result w ~ , s  later applied to the obturation of pre- 
engraved projectiles, as described in Section 31L4.2. 

In erosion vent-plug tests (see Secti,on 16.3.1) zinc, 
beryllium, aluminum, and titanium showed2' such 
severe thermochemical attack by hot powder gases 
that no quantitative data could be obtained. Espe- 
cially in the test of titanium the evolution of much 
smoke indicated that the action miglit be la&ely 
chemical. 

Silver showed poor performance in these same tests. 
I t  is n,ot known for sure whether the high weight 
losses in this case were a result of melting4%r a com- 
bination of melting and chemical attack. 

Pure columbium shocvetl thermochemical resist,ance 
comparable to gun steels in erosion vent-plug tests2? 
but when filings of this metal were mixed with the 
propellant and fired into an evacuated tube (sec 
Section 16.3.2) interaction with powder gases was 
observed. The lack of agreenient betwen thew two 
results has not been explained. 

Erosion vent-plug tests7%f an alloy ol gold (goyo) 
and palladium (20%) wereundertaken as part of the ex- 
perimental program to evaluate the relative impor- 
tance of melting ttnd chemical attack in erosion. (See 
also Section 15.4.1.) This alloy has thermal properties 
similar to those of gun steel but a slightly lower melt- 
ing point. When tested under conditions such that the 
melting points of both the gold-palladium and the 
steel were exceeded, the iormer eroded solnewhat 
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more than the latter. Lnder mjldcr conditions, hov-- po~vdel: gases at very high temperatures was obtained 
ever, the order was reversed and the relativc amounts when filings of these metals r~cre  used in cxperirnents 
of erosion indic,ated a much higher resist:mce of the to determine the :idiabatic flame temperatures of 
gold-pallsdium alloy to chemical attack th:m of gun propellants. When thc meltring point of the metal \\-as 

steel. ~zbove the flsrne temperatwe, the particlcs remained 
Indirect evidence4Y of the resistance of the pure unaltered. If chenlicel at,tack had occurred the ob- 

metals rhotliuni and iridium to chemical attack by served behavior -\vould not have been realized. 



Chapter 17 

CHROMIUM AND CHROMIUM-BASE ALLOYS 
By Helen .M. Wat.~on* 

17.5.1 Scope of Inves-tigation 

C I - m o ~ r u ~  WAS ONE of the first metals considered 
by Division 1 in the search for a bore-surface 

material that would solve the erosi.on problem in 
guns. It had bcen lound that i t  possessed re~ist~ance 
to powder-gas erosion and some very desirablc phys- 
ical propcr'ties; but early experiments by Division I. 
indicated that in order to be useful as a gun-liner mzl,- 
terial i t  would have to be prepared in, a form stronger 
and less brittle than then known. 

An extensive investigation on the preparation of 
pure chromium wrts undertaken for Division 1 at  the 
We~t~inghouse Research Laboratories in cooperation 
with the Geophysical J,aboratory, C. I. W., and the 
National Bureau of Standards. No noticeablc im- 
provement in ductility could be obtained by control 
of purity, by addit,ion of small amo~lnts of: alloying 
elements, or by hot-~vorking. Hence i t  was concluded 
that i t  would be unprofitable to continue the effort to  
develop pure chromium (or a high-uhromium alloy) 
for use as a gun liner. 

Later, somc of t,he hot-hard chromium-base alloys 
that had been developed by the Climax Molybdenum 
Company for Division 18, NDRC, appeared to offer 
possibilities as liner materials. The Climax Company, 
through a contract supervised by Division 1, invest- 
igatcd such applications of the alloys. Two of the 
alloys (those wit11 the fol1omin.g percentage composi- 
tions : chromium 60, iron 25, molybdenum 15; and 
chromirlm 60, iron 30, ~nolybdenum 10) mere found 
to be very promising for this purpose. The low due- 
tility of these alloys requires that they be properly 
supported in the gun barrel, as brought out in Section 
26.5.1. In  every other respcct, particularly by re:tson. 
of inertness to the erosive action of double-base poiv- 
der, caliber ,50 liners of chromium-base alloys have 
given superior perfortnancc in firing tests. Another 
desirablc featme is the availability of chromium, 
compared with cobalt and molybdenum, for. esamplc. 
Furthermore, its cost is not prohibitive. 

* Technjcal Aide, Division 1, X13R.C. (Prcscnl; .address: 
Department of Physica, The Catholic University of America.) 

Thus thesc chromium-base alloys represent one of 
the three main solutions obtained by Division 1 to 
the problem of an erosion-resistmt borc-surface ma- 
terial. Their potentialities as liners appear to be two- 
fold : for machine guns at  highrates of fire, almost with- 
out regard to velocity, and for hypervelocity medium- 
caliber guns. Their further development, especially 
with respect to incrcase of ductility, was .trarlsferred 
by Division 1 to the Union Carbide and Carbon Rc- 
search Laboratories, and then was continued there by 
the Army Ordnance Department &ft,er Division 1,'s 
contracts had been terminated. 

17.1.2 Preli.minary Survey 

EXAMINATION OF CHROMI:UM-PLATED NAVAL GUNS 

I t  has been, the practice for ncarly 20 years to apply 
a plating of chromium to the bore surfaces of Naval 
guns as protection nkainst corrosion during periods 
ol inacti,vity. Microscopic esarnination of an eroded 
5 in./38-cal. chromium-plated gun revealed vestigial 
areas of the plate that were not perceptibly altered, 
even though the surrouncling regions were scverely 
eroded,40 as is shown in B ig~~re  2 of Chapter 20. 

The plat,e had failed by cracking, which permitted 
the powder gases to attack the underlying steel, Bow- 
ever, it was evident that thc pl:~ke itself had ~vit~h- 
stood the erosive action of the gases, as well as the 
wear caused by the projectile. This indication of the 
erosion resistant propertics of chromium led to at- 
tempts to prepare e, liner of pure chromiu~n (Section 
17.2.2). 

EROSION VENT-PLUG TESTS 

Anothcr basis for thc bclief that chromium might 
be suitable tor an erosion-resistant bore srulace was 
affordcd by erosion vcnt-plug tests (Section 11.2.3). 
Such tests indicated that cllromium is one of the ICIY 
purc metals that fire resistant to powdcr-gas ero- 
sion." When tested with doublc-base pomdcr in the 
?&in. diameter erosion vent-plug apparatus, samples 
of a 50-chrornjum, 50-iron alloy eroded more than did 
gun steel, and the erosion rate of n 70-chromium, 30- 
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FIGUHE 1. Jr1ducl;ion-hc:~tc:d vncuunl furrlltce for melting chromium and higll-chrcrmium alloys. (This figure has 
appcared as Figure 2 in KDRC 12cport A-411.) 
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FIGURE 6. Vacutnn-casting apparatus for preparation of centrifugally cast calibcr .5O gun lincrs made ol chromiunl- 
basc alloys. (Figure 1 i n  KI3R.C Report A-415.) 
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TABLE 1. Physical properties of chromium and chromium-base alloys compared with those of gun steel. 

Property Chromium 
-- ~ 

Density (g/cc) 7.14 
Melting point, (C) 1.950 f 50 
Specific heat (cal/g/"C) 0.12 
Latent, heat of fusion (g-cal/"C @ 15 C) 31.75 
Thermal conductivitv (cal/cm/sec/"C) 0.165 (1.5 C) 
Coefhcient, of thermal expansion ( /"C) 8.1 x 10-6 

(@ 20-300 C) 
. . . . . 

Hardness @h 20 C (68 I?) - 193 
(VPN) @ 800 C . . . . .  

@ 870 C (1600 F) 142 
Modulus of elasticity (psi) , ~. . . 
Tensile strength (psi) $ . . . . .  

Strcss-rupture strength 6 870 C; (1600 I?) 
Stress (psi) 20,000 
Time for rnpture (111111) 1 
Elongation (%) 3.5 
Reduction of arcx (%) 3.7 

7.6 
ca. 1700 

0.0305~(30 C) 
7.7 X 10- 
(a 25-315 C) 

8.8 X 10-6 
(@, 25-650 C) 

480 f 10. 
. . . . .  

1 98 
33 x lo6$ 
ca. 100,000 
(@ 1350 F) 

60 Cr-30 Fe-10 Mo Gun steel* 

. . . . .  7.83 
ca. 1650 1.450 

. . . . . 0.11 

* Oil-qucnched and tempered: a p g r o a i n ~ n t i n ~  the con~positior~ of SrlE 4160 steel. 
'I' From Table 2 of Chapter It). 
1 Average valuc obtnined f ro r r~  yreli~~linni-y tests. 
$ For other tcrlsile properties of steel arc Table 4 of Cbayter 19. 

furnace t,ube I and the inductor coil & are shown in 
Figure 7 ,  together with the meens cnlployed for oper- 
ating the furnace. 

The espcriinents had not been carried beyond the 
esplorstory stage by the time the project was ter- 
minated. Several sound tubular castings, free from po- 
rosity, wcre obtained; but no metsllogrsphic exami- 
nation ~vas  made to find out whether there mas rnuch 
grain-boundary contamination by osides, carbides, 
and nitrides. Inasmuch as the method has inherent 
advantages over casting in the case of large-diameter 
tubes, it would appear to be \\rorth further. investiga- 
tion as a means of making gun liners of chromiurn- 
1)ase alloys. 

17.2.4 Chromium Impregnations 

The biilliant cleanliness of beneficiatcd chromium 
(Section 17.2.2) suggested nn investigation of metal- 
bonded chromium compacts. Savcral compacts were 
preparcd with copper, nickel, or palladium as imprcg- 
nants. I t  was hoped that the resulting conlposite 
materials nrould have the basic propertics of chromi- 
um, together ~vith the useful mechanical properties of 
the impregnant. 

Tests of coppcr-bonded chromium sho\vcd a ten- 
sile strength of 1.00,000 psi (that of annealed copper is 
3fi,000 psi), but 11it11 very poor ductility. When a 

sample of the cornpact n7as tcstcd as an erosion vent- 
plug" it stood up bcttcr than gun steel during the 
first three rounds, brlt cracked badly on the fourth. 

17.3 PHYSJCAL PKOPEKTIESe 

17.S.1 General R&sum& 

Chronlium is a very hard gray metal, resembling 
iron. I ts  prir~cipal orc is chromite, a complex oside of 
iron and cl~omium containing one-third t o  one-half 
chromium oxide (C1.20~). The metal is prepared byre- 
duction of the oxide by alilrninum. For sornc purposes 
the metal is the11 purified by electrolysis. Some of the 
properties of chrornium are listed in Table 1. 

Among the factors that prompted the investigation 
of chromium as a material for gun lincrs ~ v s s  its high 
mclting point,. Only nine other rnctals havc higher 
melting points : rhodium, masurium, iridium, rutheni- 
um, molybdenum, osmium, tantalum, rhenium, and 
tungsten. Thc cod of chromium in t,he pure state is 
rcIatively high, not because of any scarcity of ore, but 
bccause of the espense in reducing thc ore. 

The data given in t i& sectjor~ are taken from scvcral 
SOUI'CcS~83.87.1S7,1(i8.50-1.5?4 
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CHROMIUM-BASE ALLOYS 

The chromium-base alloys that w r e  considered 
worth testing as gun liners were those containing from 
50 to 60% chromium, from 25 to 45% iron, and from 
5 to  15% molybdenum or tungsten. Since alloys 
with molybdenum displayed greater ductility than 
those containing tungsten, the latter were soon ruled 
out, and attention was centered on the chromium- 
iron-molybdenum system. The two most promising ol 
this ternary alloy system proved to be 60-chromium, 
25-iron, 15-molybdenum and 60-chromium, 30-iron, 
1.0-mol ybdenum. 

The cl-lromium's principal contribution was chem- 
icd inertness and high melting point,; t,he iron's, duc- 
tility; und the molybdenum's, crosion resistance a.nd 
strength. Since iron is similar to chromium, it does 
not greatly reduce the high melting point of the latter. 
Moreover., its presence permits the use of ferrochrom- 
ium as source matcrid of the chromium. 

FICTJRE 8. Tvpictll sln.uct8ure of n chromiurxl-base alloy 
gurl liner before firing. (This figure accompamied the 
nianuscdpl; or NDRC lieport A-415, but it  nns not 
reproduced in that report.) 

Cenbrifugd caal nlloy stre~s-relicvcd 2 br a1 870 C ,  for lincr 
L-123, aaiienibly CX-30. C composition: GOCr-30Fe-1OMo contain- 
ing 0.03% C ,  l ~ a r d n e ~ s  407 VPN. .Estimated percenlagc: of carbide, 
0.10; of oxide, 0.05. ASTM grain siae: 1-3. Electrolytic eijch in 10% 
oxalic acid. 100X.  

Since chromium, iron, and molybdenum all crysta.1- 
lize in the body-centered-cr~bic arrangement, it was 
expected that their alloys in the composition range 
indicated above v~ould possess similar crystalline 
structures. Nothing that ~vould indicate otherwise 
has yet bcen observed. Evidence has been found of an 
intermetallic compound that is precipitated from thc 
chronuum-rich solid solution. I t  is believed that t,he 
compound may be FeCr. When such precipitation oc- 
curs,the hardness of the alloy isincreased. It is not orig- 
inally present in chill-cast alloys, but it precipitates on 
holding the alloy for several hours at  870 C (1600 F). 

The melting points ol the alloys in the ckiromiurn- 
iron-molybdenum system are not nearly so low as 
that of steel provided that the percentages of the im- 
purities (carbon, oxygen, nitrogen, and silicon) :.we 
IOT~.  

Included in Table 1 are somc of the physical prop- 
erties of the two most promising (from the stancl- 
point of hypervelocity-gun liner rnaterj:%ls) of the 
chromium-base alloys in~estigat~ed : 60-chromium, 
25-iron, 15-molybdenum and 60-chromium, 30-iron, 
1.0-molybdenum. Data werc not available to complete 
the table, since only a beginning has been made in the 
investigation of t,he propt:rties of chromium-base 
alloys. In  some camses several values were available, 
but the one given in the table may be considered rep- 
resentative. Figure 8 shows t,he typical structure of 
a chromium-base a,lloy gun lincr before firing. 

11.3.2 Eflorls to  Improve Ductility 
by Hot-Working 

The principal drambacks to the use of chromium 
liners for gun barrels are its lack ol ductility and its 
low strength. Since thc former failing is the more 
serious, an in~es t iga t ion~~ was carried out to deter- 
mine whether plastic ~vorking of chromium at  an 
elevated temperature would so alter the structure of 
the rr~et~al as tto bring e.bout some degree of plasticity 
at  ordinary temperatures. 

The test assembly consisted of a tube of annealed, 
electrodeposited chromium fitted into a hollow k~ar of 
SAX 4140 steel. Connected tto the assembly was a 
copper tube lea,ding Lo a hydrogen supply, so that a 
flow of hydrogen was maintined through the small 
clearances betcveen the inner and the outer parts of 
the test piece. The outer part ol the assembly was 
heated in a hydrogen-t~tmospherc furnace and was 
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swaged, 11-liile hot. This action c1ongate.d both the 
steel and the chromium. 

Trsts were carried out at  several temperatures, 
ranging from 750 C to 1400 C. With respect to plastic 
deformation of the chromium, 1200 C was the most, 
favorable t,empe~ature. I t  was observed that at 750 C 
the chromium ~vas  shattered. Only a t  1.400 C n-as therc 
any bond formed I-)et\\-een the steel und the chrominm. 
When the latter \\.as freed it \\.as found to he stJill 
quite brittle, and penetrat,ed by longitudiilul or helical 
radially-disposcd cracks. 

There wa,s no noticea,ble irnprovement in cold duc- 
tility of the chromium from the hot-\\-orking. These 
esperirnents de~lzonstrat~ed quite forcibly the relatively 
grcat hot-hlnrdness of chromium comparecl \\-it11 that 
of steel. Tile chi.omium had behiived as a sonle\vhat 
deforma,blc body em1:)edded in another softer and 
quite plitstic one, tlic steel I-laving flo~i-ed past the 
chromium an(1 dragged it :dong. 

H(:)t-working: experimentsHf xere also performecl 
\\-it,h some chromium-b:ise alloys. The grain size of 
t,he itlloy is a, significant factor in its performance ns a 
gun liner, and forging increases t'he :tlloyls ductility 
by refining the coarse, :is-cast grains. Some alloy in- 
gots, lrom S to 9 in. in length, having a 134-in. diam- 
eter at  the bottom a,nd 1%-in. a t  tlie top, \\-ere in- 
sert,ed in cylindrical h o l l o ~ ~ ~ s  in slvages nlade honz 
S,4E 4140 steel and from 3%-molybden~un iron. An 
inductively-heatcd vacuum furna.ce was used. 

The ease \vith w-bich the alloy could be swaged de- 
creased as thc iron-molybdenunl-b ~.at;io declaitscd. In- 
go t ,~  of t,he composition 50C;r-45Fe-5JIo \vel.e readily 
hot-morkcd at  teinpcratures of from 1260 to 1330 C. 
A gun liner was forged horn an ingot of this cornposi- 
tion. ,4L a slight,lp higherternpei.at~~re (1.370 to 1435 C), 
ingots of the 600-35Fe-5hTo conlposition were 
easily forged, 11-it11 very few s~~ri'ace cracks. Consider- 
,zloly more difficulty \\-as encountered with GOCr- 
30Pe-1OMo ingots I'or 1~11iol-1 a fo~ging tc~nperature of 
from 1435 to 1480 C: was required. C:ircunlferential 
cracks, apparently oaused by longitudinnl tensile 
stresses sct up a t  t,hc corners ol the su-age, were oh- 
served. 

mium content is about 60% are, on t,he nll,ole, less 
machine:~b)le than steel ~ ~ n d  Stellite No. 21. The ma- 
chineahilit,y mas found to bc a function of the iron- 
molybdenum rat,io. Alloys of the compositic:)n 60C~-  
25Fe-15Mo and GOCr-30Fe-IOMo, in ivhich thc ratio 
is at  least 5 to  3, can be n~achined u-ith high-speed 
steel tools. Alloys having the ri~tio lcss than 5 t,o 3 but 
greater than 3 to  5 require cemented-carbide cutting 
tlools, or grinding. Alloys \\-it11 the ratio less than 3 to  
.5 can l-)c fabrica,ted only by 

Because of limit,ations of Lime and personnel, an ex- 
hsustive study of the bcst; method of mttchining and 
casting gun liners of chromium-bas? alloys has not 
yet bcen underta1;cn. The niethocl cnzployecl during 
Division 1's invrstigation \\-as bsstld on fundamental 
principles, augmented by teclmiques t,hat developec-1 
as th.e ~\-ork progressetl. The ~ n c t h o d ~ ~  that evolvetl 
vas  pr~~cticrthle; although more desila,ble tec:.hniclues 
no doubt \\;ould result from a search for t#hc optimum 
tools ancl operstions. 

The danger of nitrogen ant1 oxygen contammination, 
with resulting increase in l~rittleness, prevents the 
welding of chron~ium-b:ise alloys by the techniclues 
applied to cobalt-, iron-, and nickel-base :~lloys. l're- 
1irninar.y e~pcrinient~s indicatr that an inert, ntmos- 
phere is necessary, a,nd t h i ~ t  t,he welding rod should be 
prepared f om cert,ain chromium-base nl10ys.'~~ 

A very det:ided a,d\-antagc-: of cl1romiun1-b:tse hlloys 
over molybclenmlz as it gun-liner material is that t<l~cy 
can 1)e cast as seamless tubes, or perhaps bc prepared 
hy centrifugal in-~rlelting (Section 17.2.3). 

17.4 FIRING TESTS OF LINEHSn7 

17.4.1 Introduction 

Liners of nine different alloybdenunl- compositions were 
fired in the thrce types of caliber -50 testing guns de- 
scribed in Sections 11.2.1 and 11.2.2 : the erosion-test- 
ing gun, the heavy barrel machine gun, and t,he air- 
craft machine gun. .-l strict cornparison of the results 
of the 33 firing tests is not possible, since the r~tternpt~s 
t,o improvc, the properties of the alloys paralleled ex- 
periments on methods of supporting the liner in the 
barrel. Therefore the ls.t,er tests represented inlpl'o\.e- 
~nents  in all these respet:ts. It was determillecl t,h:~t, 
10yo mo1yl)denum  as the minimuin pcrccntagc for 

ll.'.' Fabrication of Chromium-Base Alloys s,dequate erosion resistance and strength, and that 
11-hen properly supported in the gun barrel, liners of 

Because oi' their higb.er hardness and greatel. tend- a range of compositions h,a.ve sufficient ductilit,gr to 
ency to tear out, chronliurn-base alloys whose chro- 11-ithstaad the po~vder pressure without ci.aoking. 
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11.4.a Variation of Composition 

The first firing tests were of liners (in heavy bar- 
rels) made from alloys of the three compositions that 
had performed so well in erosion vent-plug tests (Sec- 
tion 17.1.2) : 60Cr-25Fe-15W, 55Cr-35Fe-I.OMo, and 
6OCr-25Fe-15Mo. The results indicated that the al- 
loys possessed good erosion resistance and had suf- 
ficiently high hot-hardness and melting points. Crack- 
ing of the liners and constriction of the bores were 
the principal causes of failure. The 60Cr-25Fe-15Mo 
composition was the best of these three tested in 
the heavy barrel. This samc conclusion was reached 
in tests in the erosion-testing gun of liners of the 
compositions 6OCr-25Fe-15M0, (iOCr-25Fe-1.5W, and 
50Cr-45Fe-5Mo. 

Becausc of their greater ductility, alloys containing 
molybdenum were selected in preference to the tung- 
stca-bearing ones, and a series of tests to determine 
the most favorable composition was undertaken. This 
was determined to lie within the range represented by 
the compositions 60Cr-30Fe-1.0Mo and 60Cr-25Fe- 
15Mo on the basis of the following results of tests: 

1. The compositions liOCr-35Fe-5Mo and 55Cr- 
43Fe-2Mo (the most ductile of the chromium-base 
alloys tested) had insufficient erosion resistance and 
strength. 

2. The compositions 55Cr-35Fe-1OMo and 55Cr- 
30Fe-15Mo had irlsufficient crosion resistance, al- 
though the hardness and strength were ncarly satis- 
factory. The latter alloy had been heat-treated to a 
hardness of 613 VYN, as contrasted with 454 for the 
former. 

3. The composition 55Cr-25Fe-20Mo had about the 
same erosion resistance and slightly greater strength 
than 6OCr-25Pe-15Mo but its machineability was 
much less than that of the latter. 

17.4.3 Assemb1.y Variations 

Sinoe the two most promising alloy compositions 
for gun liners were found to be GOCr-30Fe-1.0Mo and 
60Cr-25Fe-15M0, liners prepared from the two alloys 
were given extensive firing tests. The former composi- 
tion possesses the greater ductility, but i t  represen.ts 
the minimum percent,age of molybdenum to impart 
sufficient erosion resistance and strength. 

The principal cause of failure of the liners during 
the firj.ng tests was longitudinal cracking. A special 
studyu was made of the stresses imposed on the liner. 
Formulas such as those given in Section 26.4.5 were 

used in computing the stresses produced by shrink- 
fitting liners in the various types of machine-gun 
assemblies. Cracking was prevented by imposing an 
initial hoop stress of from 90,000 to 100,000 psi on the 
liner. In order to achieve this degree of compression 
with the relatively thin aircraft barrcl, a reinforcing 
sleeve had to be shrunk on the outside of the barrel. 
The sleeve was made of Timken No. 17-228 steel, 
which possesses greater high-temperature strength 
than ordinary gun steel. 

Because oI the successful results obtained with 
two-stave molybdenum liners (Section 18.6), a two- 
stave assembly of thc liner composition 60Cr-25Fe- 
15Mo was prepared and tested in th.e caliber .50 
erosion-testing gun with double-base powder. The 
results were disappointing in that longitadinul and 
circllmferential cracks were observed in the fired 
liner. 

In a test to determine what benefits in firing per- 
formance would be effected by supporting the liner 
with a backing material possessing high elevated- 
temperature strength, an assembly was prepared in 
which a liner of the composition 60Cr-25Fe-15Mo 
was supported by a sleeve made from an alloy of the 
composition 60Cr-3OFe-I.OMo, shrunk into the  stcel 
retainer. When tested in the caliber .50 erosion-test- 
ing gun with double-base powder, a total of 568 
rounds was fired. The test was discontinued because 
of excessive pressure rise caused by slight constriction 
and roughening of the surface. This rcpresentecl the 
greatcst number of rounds sustained by a chromium- 
base alloy assembly in the erosion-testing. gun.'" 
Upon examination of the fired liner there was no 
evidence of attack by the powder gases, but cracking 
and pitting of the bore surface were observed.77 Some 
of these effects can be seen in a cross section of the 
liner, 6 in. beyond the origin of rifling, shown in 
Figure 9. 

Although this test and the one using the stave-type 
of construction were not successful as far as method 
of insertion was concerned, they did prove the high 
order of resistance of these chromium-base alloys to 
powder gases, even thosc from double-base powder. 
The conditions of erosion were so severe in the caliber 
.50 erosion testing gun that a gun steel barrel was 
worn out after only 90 rounds. 

The foregoing tests of different methods of inser- 
tion of chromium-base alloy liners in caliber .50 bar- 
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CGL-350 schedule tlescribctl in Section 23.1.3. Af'tcr 
3,850 rounds the liners hat1 not [ailed, but t,he test 
was discontinued, bccausc ol tcmination of Division 
1's contract wjth the Crane C ~ r n p a n y , ~ ~  ivhere t21r: 
firing took place. Nul-nerous surface checks were ob- 
served after t,he init,ial 350-round burst, and these 
irregularities in t,he w.udace hat1 developed into ,large 
pits and cracks of indeterminate depth after the next 
group of 500 rounds. After that tfhey showed little 
further change. 

The average "cold velocity" (Section 23.1.3) ol thc 
barrels containing chromium-base alloy lincrs in- 
creased gradually to a maximum after 3,350 rounds, 
\\-lick irldicated that a slight progressive shrinkage of 
the bore near the origin of rifling took place. The "hot 
1-elocity" remained essentially mlchanged during the 
test. The at:cura(;y \\-as poorer. than that obtained in 
the firing of two barrel assemblies similarly prepared 
containing liners of No. 21 Stellite (Section 24.5.3) ; 

FICUNE 9. CI.OSS section of GO(:r-25117e-1.5110 Ilncr, but no reason WLLS discovered for the difference. The 
6 in. bcyond origin of rifling, after having been fired Tvear of the bore surface less for four c ~ r o -  568 rounds with ball bu~llels xtld FNH-M2 ponder. 'J?he 

of the l iner  had and the nlium-base dloy liners than for the two stellite ones 
grain boundaries and some pitting had ~lcvclopcd. This after the same number of rounds. This difference 
lincr had been supported ~ I I  a cald~cr .50 crosion-tesbing indicated that the ch,.onliu,m-base alloy liners might 
gun tube 1:)y a sleeve of 611Cr-30Fe-IOMo. Etched with 
10% K O H ~ ~ ~ %  K ~ F ~ ( c N ) ~ ,  I ~ x .   h hi^ figure has have lasted longer than the stellitc ones, provided 
appearcd as Figure 1.7 in NT1R.C R.eport A-40.5.) that they did not crack or shrink to such an extent 

that continued firing 11-LI.S impossible. 
rels made clear the requirernent,~ for a successful 
a.ssembly. Thesc were that the liner bc made cylin- 
drical, that it be restrained by a hoop stress of about 17.5 POTENTIALITIES 
100,000 psi, and that tthe steel of the barrel have OF CHBOMIUM-BASK AA.LLOYS 
sufficiently good high-temperature strength to main- AS LINER MATERILLS 
tain this compressioll even after continued firing 
(Section 24.5). Furthcrrnore it mas desirablc that the 
bore sllrfacc of the barrel ahead of the liner be pro- 
tected from the powder gascs in order to utilizr fully 
the great erosion resistance of the liner.f 

These requirements were met by inserting two 
liners each of alloys having the compositions that the 
previoufi t,est,s had sllown mere most suitable (GOCr- 
25Fe-15Mo and 60Cr-30Fe-1Ohlo) in 13-lb aircraft 
banels made of Timken No, 17-2211 stecl (Section 
24.5.3), whjch had been chromium-plated ahead of 

p~ 

f Many of the  firing tcsts in the citliber .50 nircreft barrels 
tiad to  l)e discontinued as it result of severe erosion of the steel 
barrel ahead of the  lincr, a l~d  others were cr>r~ti~~ucd long past 
the stage of "Bcyholing" caused by erosion there, just to test 
the endurance of the  alloy. 

17.5.1 Extent of Suitabilitv 

The properties of an ideal crosiorl resistant mate- 
rial ure discussed in Scctian 16.2. They are rcvictvcd 
here to see how well chromium-bass alloys fulfill the 
requirements. 

The melting points of the chromiunl-basc alloys 
have not been determined closely; but presumably 
they are not, LL great deal lowcr than that of pure 
chromium, since the effects of the iron and mol.yb- 
denlnm are in oppositc directions. The specific he:it 
is presumably about the same as t,hat of steel where:~s 
the tIliermal aonductivity is only about one-third as 
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great. Hence the thermal kactor pclr in equatiorl (13) 
of Chapter 5 is also about one-third as great as for 
gun steel, and consequently tllc increase in tempera- 
t # u ~ e  of a very thin layer at  the smfrtce after the firing 
of one round is considerallly greakcr than for gun 
steel, perhaps as much as 50 rjer ccnt. 

The consequent t h e r n ~ ~ ~ l  st,ress is also soniewhat 
greater, although the effect of the greatcr tempera- 
ture jncrease is offset somewhat, by t,he loxvcr thermal 
expansion. This thermal stress applied to a material 
of low ductility does crLuse a slight checking of the 
surface. In this respect thesc allo~rs are inferior to 
stellite, when cool propellants are considered; but on 
the other hand, since the melting points are high 
enough to prevent the nlelt,ing of a surface fibn. when 
double-base powders are fired, as occurs with ~t~ellite, 
they may be said to be superior to stellite in overall 
thermal resistance, while inferior to molybdenum in 
this same respect. 

The alloys possess excellent resistance to the chenl- 
ical action by the pox-tier gAses a t  elevated tempera- 
t)ures. 

It is in this (;ategory that the alloys display thcir 
serious u-eakn.ess, poor ductility. In spite of this 
weakness, i t  has been possible t,o malre successful 
caliber .50 liners, as described in Section 1.7.4.3. In 
other respects they meet thc rcquirernents of the 
idcal material: no lsrge permanent change in dimcn- 
sions (provided that casting strains are avoided), no 
permanent deformation or fl,omage, high strength a t  
c.:levated temperature (especially in the 60Cr-25Fe- 
15Mo alloy), and thermal and elastic properties 
close to those of gun steel, except that the coefficient 
of thermal expansion is only about two-thirds as 
great. 

The r:iw material for the alloys is avnilahlc in 
suffirient quantity. The process uscd to prepare the 
experimental liners was satisfactory, and there is 
every indication that, ni th continued development, 
it ultirnately can be adapted to coinmerci:~l produc- 
tion. The alloys are readily nlachineable if proper 
tooling is used. 

11.5.2 Rccommcndations fvr 
Further Developmerlt 

Since higher potential propellants offer a con- 
venient means of increasing the inuzale velocity of an ' 
existing gun, it is suggested th.at liners of the two 
chrumiurn-base alloys that have proved to be most 
premising so far- 60Cr-25Fc-15Mo and CiOCr-30Fe- 
IOMo-be tried in the caliber .50 aircraft machine 
gun with the experimental double-lase powder al- 
rct~cly d~veloped by the Army Ordnance Depart- 
ment. For such a t,cst the liners might he inscrted in 
a "finned" barrel, sucl-lasis described in Section21.3.3, 
made of high-strength stecl instead of a 1.3-lb barrel 
as was used in t,he t,ests described at the end of Sec- 
tion 17.4.3. Then the test could be made with thc 
high-speed caliber .50 gun, M3, without sacrifice n l  
cyclic ratc. 

IMPROVEMENI: OF DUCTILITY 

Since brittleness is so serious s problcm in the 
extensive application of these alloys, fundainental 
research should be continued to find a ductile com- 
posit,ion. Some experimentsS7 at  Union Carbide ant1 
Carbon ltesetzrch J,aboratorics have indicated thilk 
thc alloy tiOCr-25Be-1.5Mo is very susceptible to worli 
hardening. Since iron seems to improve the ductility 
more than any other alloying element,, it may bc 
possible to usc LL chromium-base alloy with higher 
jron content and obt~tin the necessary hardness by 
work-haadening. I t  is questionable, however, whether 
the thermochemical resistance of such an alloy ~~-ould  
be sufficient even after hardening. 

Another possiblc way of obtaining a inore ductile 
alloy is by the use of a fourth element. The investi- 
gation ol the eflect of the introduction of diflercnt 
possible fourLh coinponents on erosion resistance and 
liner performance in general would bc time consum- 
in.6. In order to keep to a rninilzlum the n.uivber of 
firing t,ests, ductility a,s determjned by mechanics1 
tests should be used as the criterion of improveinent,. 
A high-temperat,ure impact test, as recommended in 
Section 16.3.9, under "Notch Impact Tests and High- 
Vclocity Impact Tests" would, be ideal lor the purpose. 
When, finally, some more ductile composition has 
been found, and its erosion resistance is to be cval- 
uated, care sho1.11d be ttalren to support i t  adequately 
in a barrel made of high-strength steel \v-it,h the bore 
surfacc ahead of tl-1c: liner protected by clu-omium 
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plate or. in some othcr suitable manner as was done mium-basc alloys, it  i.s recommended that thc de- 
in the tests described at the end of Section 17.4.3. velopment of sui1;able lnethocls and ctl~lipment for the 

1,arge-scale produei;iozl, of the alloys be continued. 
M.ETHODS OF PRODUCTI.ON This recommendation i;., made in antici.pation of 

As a parallel investigation to the continuation of the time when an alloy- possessing the desired 
fundamerltal rcparch on the cornposition of chro- properties will have hecn developed. 



Chapter 18 

MOLYBDENUM 
By F.  palmer^ 

I SEARCH for an ideal erosion resistant material, T"" 
discussed in Chapter 1.6, revea,led that molybden- 

um was one of the few metals that showed great 
Molybdenum 

Powder 
promise in this respect. I n  particular, i t  is pre-emin- 
ent in its resistance to  thcrmal and chemical a,tta,ck 
by the powder g:ises during thc short time of exposure 
in a gun.  At the samc time, cornrnercially available 
molybdenum lacked some of the necessary mechan- 
ical propcrt,ies and could not be produced in the prop- 
er size and shape for fabricating gun li,n.ers. Extensive 
investigatio~ls have succeeded in showing w-ays to 
overcome these deficiencies. 

The liners which reacted most favorably to firing 
tests in a caliber .50 gun were made of an alloy of 
molybdenum with 0.1 per cent cobalt, which is harder 
than pure molybdenum. They were fabricatcd from 
metal which had been swaged according to a "worli- 
ing schedule" that was developed to obtain the op- 
timum possible strength and ductility for a given 
reduction in cross section. These liners consisted, of 
two longitudi.na1 segments, or staves, which mere 
twisted so that the seams followed, the rii'iing grooves. 
After having been fired 2,021 rounds they were still 
serviceable, whereas gun stcel would have failed after 
90 rounds under the same hypervelocity conditions 
of testing. 

Reca,use there were still some deficiencies in tlie 
design of the best liners mentioned above, fmthcr 
work was planned on other methods of fabricating 
liners. Also, pl~lns wcre made to prepare a molyb- 
denum liner for test in a 3-in. Naval gun, aa described 
in Section 33.1.3. The Navy Department subsequently 
contracted with the Westinghouse Electric Corpor- 
ation for the use of the facilities set up under its 
contract with Division I and for considerable expan- 
sion of them according.to plans already developed by 
the Djvjsion. 

2 COMME13CIAL MOLYBDENUM 
18.2.1 Manufacturing Process 

w 
The term powder melalluryy is used to describe 
The Frnnklm Institute, Philadelphia, Pa. FIGURE 1. The fabrication of molybdenum. 
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the usual commercial process by which a molyb- 
denuni componnd, frequently the oxide (MoOa), is 
converted into bars of nletsl. The process starts with 
the reduction of the compol~nd to a mettal powder by 
heating it, in a stream of hycbogen. The successive 
stcps after that are shown in the lelt-hand column of 
Figure 1. The n~et,sl po~vder is compressed mechani- 
cally in a stcel rnold so as to form a compact, which is 
then sintered in hydrogen a t  a 1Lig.I-1 temperature until 
the po~vdcr particles coalesce sorne\vhat. Further den- 
sification is acco~nplished by heating the sintered 
molybdenum in hydrogen to a temperature near its 
melting point (21320 C), so t,hat thc poll-der metal- 
lurgy ingot can be subseq~~ent~ly subjected to mechan- 
ical w-nrking to impart strength and ductility. The 
principal comnlercirtl forms of molybdenum are fine 
wire and thin sheet. Both are made by TI-orking such 
an ingot first hot (around 1350 C) and t,hen gradually 
lowering the ~vorking temperature as mechanical re- 
ductlion proceeds. All heating~ arc made in hydrogen 
to prevent excessive loss of nletftl by oxidation. To 
make wire the bar is swaged in sucoessively smaller 
dies and fillally hot-drawn through othcr dies. To 
make sheet or strip (which is a narrow thick sheet) 
the bar is hot-rolled to the desired thickness. 

The morc working niolybdenum receives the more 
~atisfact~ory I)ecomc its physical properties providcd 
worlring temperatures are properly adjusted. This 
situation is illustrated in Table 1 for sheet of different 
thicknesses made from a heat-t,reated compact of 
cmss sectlion 1~1% inchcs. During the \\-orking proc- 
ess the temperature normally falls below the point of 
recrystallization (1200 C) \\-it11 the result t,hat the 
cryst,al gra,ins become elongated and interlocked, as 
sho~zm in Figure 2. This structure in mctal which is 
cold-~vorkcd helow tthe recrystallization temperature 
plbornotes strength and di,~ctility. 

18.2.2 Physical Properties of Molybdenum 

The bcst mechanical propertics of molybdenum are 
ol~t~ained only when i t  is thoroughly \\,orked. The 
increase in ultiniatc strength and hardness with con- 
tinued n-orking, resulting in decreasing thickness, 
is shown in Table 1. The reduction in thiclmess of 
the sl-~ect is roughly proportional to t,he amount of 
working. 

TABLE I .  Ilependence of pllysical properties of molyb- 
denum upon [lot-working as rnensured by thickness of 
sheet. 

...- - 
Thickness I-Taldness Ult. Strength Elong. (2 in.) 

(in.) (D.P.11.) (lo3 psi) (per cent) 

0.450 227 76.0 slight 
0.230 250 85.6 11.0 
0.015 - 270 122.0 4.7 

FTGURE 2. Structure of 11-ell-~vorlrcd, cornrnercial 
molyhrlcnu~n (0.126-in. thick). Aqua regia ct,ch, 50 X. 
(Pigurr: 4d of NDTCC: Tieport No. A-423.) 

In the case of mire, the reduction in area is a better 
measure of amount of working. The results of some 
early tests on the ultimate tensile strength, in the 
direction of working of bot,h \\ire and strip, plotted 
against cross-sectional arcu, are shonn in Figure 3. 
Although there is a. rather ~vitle scattering of observa- 
tions on hot11 sides of the mean, the general trend of 
the curve irdicatss definitely thal: the ultimate tcn- 
sile strength incrcases as the metal bccolnes thinner 

- b.ooo2 acc: 0.01 OJ 
CROSS -SECTIONAL AREA IN SQ. INCHES 

FIGURE 3. Ultilllate tellsilc strcngth of commercial 
nrolybdenu~~ worked lo diffe~.enl cross-sectional n.reas. 
(Figure 1 of NDIZC Report No. A-423.) 
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due to the working to which it has bccn subjected. without cracking when thc crcase is transverse, but 
Scattering of the observations is probably due to the the metal is brittle and cracks crtsily when the crease 
lack of uniformity in the heat-treatment of the bar is longitudinal. Microscopic examination of sections 
stock. etctlcd with aqua regia reveals a progressive change 

I t  may be inferred from a graph such as that in in crystal fabric with amount of working. Unworkcd 
Figurc 4 that the hardness of molybdenum also is rrlolybderlum is fine grained with no definite crystal 
rclated to the amount of working. In spite of thc - 
scatter of the observed readings, i t  is clegr that the 
molybdenum strip became harder the more i t  \\-as 
worked. 

FJGURIG 5 .  S~PUC(UIC 01 ~inworked, commerc~al molyb- 
dcnum ( I  .250-in. thick). Aqua regitl elch, 50 X. (Figure 
4a of KDRC Report No. A-423.) - 

FIGURE 4. Hardness of comrneroial molybdenum 
w-orked Lo different thiclincsscs. (Figure 2 of NDRC 
Report KO. A-423.) 

Although hot-working increases the strength, duc- 
tility, and hardness of molybdenum, the worked 
metal is likely to posscss a laminated, anisotropic 
texture. Thc tensilc strcngth of rolled nlolybdenum 
strip is approximately the same along the direction 
of working (longitudinal) as across thc direction of 
working (transverse), but in the latter direction the 
ductility is very small. Hence the strip may be bent 

FIGURE 6. St>ruct,ure of pltrtjinlly workcd (laminated) 
so~nnlcrcial molybdenum (0.430-in. 1;hick). Aqua regia 
etch, 50 X. (Figure 4b of NDRC Report No. A-423). 

orientation, as can be seen in Figure 5. When par- 
tially worked, there are c~ystals of various sizes which 
begin to show the effects of bei.ng worked by a ten- 
dency t,o~vard elongation parallel to the direction of 
working, as illustrated in Figures 6 and 7. In thor- 
oughly worked material the crystals are all elongated 
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with a fibrous interlocked clyst,al pattern, which was 
showi beforc in Figure 2. 

It has bee11 sugges tedY~het  circamfcrcntial duc- 
tility might be improved by twisting well-fibered bars 
of wrought nlolybdenunl so that the axially elongated 
grains mould be turned toward the circumferential 
direction. When suitable material and equipment be- 
come available, the propertics of such helically fibercd 
bars should be givcn careful study. 

FICUKE 7. Structure of worked but recrystallized, 
commercial ~nolybdenuln (0.274 in. thick). Aqua regia 
etch, 50 X. (Figure 4a of NDRC Rcport KO. A-423.) 

Some of the physical properties of molybdenum 
cornpared with those of gun steel are give11 in Table 2. 
The high melting point and thcrmd conductivity of 
molybdenum are advantageous for its use as a bore- 

TABLE 2. Ptlysicnl properties of comnlercial molyb- 
denum and gun steel. 

-. 
Molybdenum Gr~n Steel 

(wrought, (oil-qucnched 
Properties ductile) and temprred) 
- 

Melting point (C) 2535 1450 
Thermal expansivity 

(0-5m c )  (%/"c) 5.48 X 1 k V 3 . 6  X 10-6 
? 7 1 herlnal c~nduct~ivity 

(cal/cm/sec /"C) 0.35 0.102 

surface mutcrial. The low strength and ductility of 
commercial molybdenum are undesirable properties, 
but, ss will be sliown in Sections 18.3 and 18.4, means 
were found for producing molybdenum and molyb- 
denum alloys with a great i~nprovement in thesc 
properties. Even then liners had to be designed in such 
a way that the low thermal expansivity would not 
prove a major handicap, as discussed in Section26.5.2. 

In order to withstand firing stresses of the usual 
magnitude, thc metal of a gun liner must have a 
thickness of one or two tenths of an inch. On the 
other hand, sheets of conlmercial molybdenum that 
have been worked sufficiently to develop suitable 
mechanical properties are available only with a thick- 
ness of 0.015 in. or less. Rence this materisl-is unsuit- 
able for gun liners. 

PRODUCTION OF DUCTILITY IN 
THICK SHEET SU'l'TARLE FOR G'UN 

LINERS 
18.3.1 Introduction 

The first molybdenum liners tcsted mere tubes 
bored from swaged rods. They all failed after so few 
rounds that i t  became evident that molybdenum, in 
spite of its high melting point and excellent resistance 
to chemical att,ack by hot powder gases, mould not 
prove a satisfactory liner material unless its.strengd~ 
and ductility could be largely increa~ed.~"50 This 
requirement could be met only by increasing the 
amount of working (Section 18.2.2). 

At the time that Division 1 began the development 
of ~nolybdenum gun liners, there mas no equipment 
in use that was large enough to work mechanically 
molybdenum compucts thicker ttllan 1% in. Further- 
more, information was lacking as to how to work 
thicker bars without cracking them. IIencc, i t  mas 
essential to develop a working schedule which ~vould 
change a bar of the usual clinlensions ( x x l g x 2 0  in.) 
into a strong, ductile sheet thick enough (about %in.) 
for use as a caliber .50 gun liner. At the same time it 
mas desirable to explore means of preparing and 
mechanically working bars or ingots of even larger 
cross section. 

~ ~ k c i f i c  lliat (Lal/glOc) 0.065 0J07 18.3.2 
Ultimate tensile strength (psi) '3+100 x lo3 > 130 x lo3 -. Development o:f a 
Elongatiorl at rupture Satisfactory Working Schedule 

(57) in 2 in.) 5% > I 6  
l~ardness at roonl temperature The invest,igationsY5 that resulted in u satisfactory 

( V P N  200-270 280-320 working schedule may be summarized in terms of two 
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1000 

0 
0 2 4 6 

DEFLECTION IN MM 

Flownu: 8. Bend strength and yield of samples of pure 
molyhdcnum workedat different ten~pcraturcs. (Figure 
14 of NDBC Reporl: A423.) 

principles. These principles e.re that (1) complete re- 
crystallization a,bove 1200 C is essential in order to 
convert the weak, microcrystalline structure of the 
treated bars into one with large, uniform grains; and 
(2) working canses an increase in strength, by elon- 
gating and interlocking the large grains, only bebuclu 
1200 C, the temperature a t  mhich the metal rc- 
crystallizes quickly. 

Development of a uniform grain structure is pro- 
moted by hot-rolling the bars just the proper amount 
and reheat-treating them. Since i t  has been found 
that crystullization is incomplete with too little work- 
ing and fine crystals are produced by too much worlc- 
ing, the amount of reduction in thickness on the first 
pass is critical. 

Furthermore, edge-cracking and end-splitting are 
likely to develop in the recrystallized bars unless 
they, too, are rolled once or twice above 1200 C. 
Before the temperature is reduced, below this point 
it is apparently necessary to brcak down the equi- 
axed grain structure, which can be done only while 
the metal is plastic. The amount of reduction in 
thickness on these passes, too, is critical. 

The influcnce on strength, 2nd ductility of pure 
molybdenum worked nnder different temperature 
conditions is shown in Figme 8. The letter I3 i.ndicates 
that the specimen broke a t  that point. The only 
specimen which, did not break before the tcrnzination 
of the experiment was the one which had been worked 
a t  slowly decreasing temperatures. Hence, in a s:~tis- 
factory working schedule provision has been made 
ior the working to take place while the temperature 
of the metal is slowly dec,reased. 

TABLE 3. Improved working schedule for alloy of 
nlolybdenum with O.lyo cobalt, starting with a bar 
l x l x x 2 4  

Furnace Reduction 
temperature of thickness 

Pass ((3) (in.) 

Preliminary 1300 0.100 

(Reheat-treat to comp1et)e recrystallization) 
1 1300 0.200 
2 1300 0.150 
3 1200 0.100 
4 1200 0.100 
5 1100 0.075 
6 11.00 0.075 
7 1000 0.075 
8 1000 0.050 
9 1000 0.050 

The best gun liners prepared for test under Divi- 
sion 1's auspices wcrc produced from heat-treated 
bars of molybdcnurn plus 0.1 % cobalt (Section 18.6), 
of dimensions about 1xIxx24 in. These bars were 
processcd according to the schedule shown i r ~  Table 
3. The preliminary pass served to induce crystal- 
lization. The structure after reheat-treatment is 
shown in Figure 9. 

The microstructure of thc final product under this 
working schedule was bet,ter a t  a thickness of 0.250 
in. (Figure 10) than that of commercial molybdenum 

FICUI~E 9. Stxucture of molybilcnum alloy conkaining 
0.1 a;'o cobalt,, recrystallhed accoriling to improved work- 
ing schedulc. Conlpare Figure 10. Aqun regin etch, 50 X. 
(Figure 13a of NDltC R.eport, A-423.) 



HARDENING OF MOLYBDENUM BY ALLOYING 375 

a t  different thicknesses (Figures 2 and 7). In addit,ion 
it hati a t  least 50 per cent greater strcngth and sev- 
eral times as much ductility as co1nmert;iul molyb- 
dcnuln of the sanze tfhickness. 

After the tests of these liners, described in Section 
18.6, evidence7"~-as found of longitudinal cracking, 
spalling, a,nd s\\-aging of lands. T1-lisresult \\-as taken to 
indicatc t,h:~t even greater rednetion in cross sectlion 
will be necessary tto nlakc rnolybtlenum a  holly 
satis1:tctory gml liner material, which mean.s that the 
pressed bar nlust be considerably thicker than 1% in. 

la.'.' Advantage of HJ-dr ost atic Compression 

The ~ubstit~ution of hydrostatic pressing for me- 
chanical pressing in the fabrication of thc pou-der 
compact lllakes possible the prodr~ction of thicker 
bars and :~lso nlarkedlv improves the cl~ralit~y of thc 
molyt~denr~m strip. The pon-der, pla,ced in a rubber 
tube, is imliierscd in ~\-at~er in a pressure cylinder and 
subjected to a hydrost;at,ic pr.essu1.e of 30,000 to 
40,000 psi. The cylinder used had a bore of 8 in., with 
\vhich bars 3 in. square coulrl be made. A 12-in. cylin- 
der was plarlrlcd so th:~t 5-in. bars could be made. 

The improvement in quality is attributable t,o the 
uniformity of the pressing and to thc absence 01 
incipient cra,cks. It 11-as found that the carly test 
lincrs made from n~echani,cally pressed po\\,der con- 
tained incipient cracks which opened up 1.apid1y ml- 
der firing strcsscs. The first cmck-free liners were 
made in tlze for111 of t\jfo staves (Sec,tion 18.5) from 
nlolybdenunl n-lich Il-as k~ydmstat~ically presscd. 

Lntr:r i t  w-ns found possible tlo obtain crack-frce 
material by mec1l:~nical pressing ~t-it'h special care 
being taken in the 11-fiy the inolds were filled and 
handled. It; is not ccrtain, ho11-ever, that eql~ally good 
results \vould bc obtained from thicker bars. l k t h e r -  
more, mechanical pressing of hrge bars rec~uires 
much nzore elaborat,e equipment t,han does h ~ d r o -  
static pressing. Hence t,hc latter was to have been 
used in making molybclenurll bars for the 3-in. gun 
lincrs described in Section 33.1.3. 

18.s.4 Plans lor Enlarged Facilities 

It had been recognized a t  the inception of the 
mo1yt)denum projert that in order to fabricate mo- 
lgbderlum for lincrs larger than smdl arms much 
more pon-erful ec~uipment ~vould be necessary than 
\\-as then a~~ailable. The decision to have such equip- 
ment instslled a t  thc Lnlnp Division of Westinghousc 

Electric Company \\-as dcSen:ed by N0K.C until 
clefiniti.ve results were obtained with caliber .50 liners 
made by mealis 01 existing equipment. 

Ken- cquip~nent was then planned" "I: the fabri- 
cation of mc)lybden1un to be wed in the 3-in. gun 
liner described in Section 33.l.3. It included a, 12-in. 
l~ydrostatic p19ess, a heavy-duty rolling mill, i ~ n d  s 
7,200-ft-lb forging hammer in addition to furnaces 
and auxiliary equipment. With this equipment,"ti;hc 

F I G T J ~ E  10. SL~acture of molybrlenun~ alloy colltai~ling 
0.1 % cobalt, rec1uct:cl 1.0 0.230 in. ac,co~ding I o  irnproved 
workirlg schedule. (Col11psl.c Figure 9.) Aqu:~ rcgia et,ch 
50 X. (Figurc 1311 of XYRC Rcporl A-423.) 

sequence of operations shown on the right-hand side 
of Figure 1 could be ca~ried out. The molybdenum 
powder used as starting material would be "doped" 
with a sinall amount of cobalt or otllcr alloying con- 
stituent,, as described in the next scction. 

18.4 HARDENING- OF MOLYBDENUM 
BY AT,LOYINC 

18.4.1 Hardening by Alloying Al.one 

Molybdenum can be hardened not only by cold- 
working belon- the recrysttlllizati.on temperature but 
also by ~~lloying: v i th  the proper elements. The hard- 
ness of solne :~lloys of molybdcnnrn in the un\vorked 
condition is givcn in Table 4. The hardness of purc 
nlolybdenum in the snllle condition is only 175 VPN 

b The accelerated tcnniruation of Contrnct OERfsr-1205 
after V-J Day delayed the purchase of this equipment. It was 
later instfiller1 urtder a Navy Departmeat contract with the 
Westinghousc Electric Company. 
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TABLE 4. Hardness of certain alloys of molybdenam.* 

No. Alloy composition Hardness (VPN) a t  
20 C 500 C 600 C 

1 M o f 5 y i W  213 134 132 
2 Mo+.l .O%W 288 160 153 
3 Mo + 15% W 249 196 1.85 
4 MO + 20y0 W 268 191 195 
5 Mo f 0.01% Ni 223 119 116 
6 Mo + 7%Ni 423 372 359 
7 48.5 Mo f 48.5 W + 3.0 Ni 494 366 366 

' Measuremcntu made by Climax Molybdenum Company. 1043. 

a t  20 C. These alloys have both higher ultimate 
strength and higher yield point than pure molyb- 
denum. Unfortunately, the last two alloys in Table 4 
are not \vorkable alloys. 

Effects of Alloying and Working 

More recent 0bserv:~tions~~ are plottcd in Figure 11 
where the hardening effects of both working and al- 
loying with small percentages of cobalt arc especially 
noteworthy. The alloy containing 0.170 cobalt is eas- 
ily workable and of reasonably satisfactory hardness, 
hcnce, in view of the difficulties involved in running 
a complete reconnaissance series, intensive work was 
spent largely in the devclopment of this alloy. The 
improved working schedule given in Table 3 was 
devised for this particular alloy. For any other alloy 
a similar working schedule might be developeti after 
a series of trinls had been made. 

lR.'.' Effcct of Temperature on 14ardn.e~~ 
of Various Alloys 

The effects of amount of working and of a.lloying 
with other metals arc both to be seen in the curves of 
Figure 11.. It I$-ill be observed that the hardness a t  
20 C of unw-orlred pure molybdenum is raised from 
about 175 VPN to about 240 VPN when worked to a 
thickness of 0.106 in,;  to about 265 VPN when un- 
worked but ~tlloyed with 20% tungsten; :tnd to about, 
290 VPN when alloyed with 0.1% cobalt and worked 
to a thickness of 0.25 in. The advantages possessed 
by molybdenum and its alloys over gun steel (SAE 
41.50), which is harder than they are a t  20 C, are two- 
fold: (1) abovc 300 C steel loses hardncss rapidly 
with increase in temperature, (2) whereas with the 
other mat,erials above 300 C the h,ardness falls off less 
rapidly and the rate of loss di7?tinish,es &ith increase 
in temperature. , 

From Figure 11 it is clear that the substitution of 

an unmorked molybdenum liner for one of steel will 
not eliminate swaging of the lands, for the metal is 
too soft, as was confir~ncd by one of the early experi- 
m e n t ~ . ~ ~  Improvement in this respect can be expected 
only in proportion to the degree of hardening brought 
about by more efficient working and alloying tech- 
niques. 

I I I I I I I 
0 200 400 600 

TEMPERATURE IN CEGREES C 

FIGURE 11. Hardness of alloys as a function of tem- 
pcrature-molybdenum cont,aining different alnounts 
of alloying clcmcnts compared wit,h Stellite No. 21 and 
SAE 4150 steel. (Figure 6 of NDRC Report A-423.) 

18.4.4 Selection of Best .Alloy 

The first gun lincrs rnade of a binary rnolybdcnum 
alloy contained, respectively, I 0%, 15%, and 20% 
tungsten. When testcd in the caliber .50 erosion-test- 
ing gun (Section 11.2.1), they all failed after 150 
rounds or less. Both longitudinal and transverse 
cracks occurred, as well as severe spalling. The lrttter 
defect was due to their laminated structure of the 
mulybdenum, which, it is now bclieved (Section 
18.2.2), was the result of insuficient working by an 
improved schedule. Further experiments with tung- 
sten as the alloying element have not been carried 
out because these alloys were found more difficult to 
work than others of nearly the same hardness, made 
a t  a later date, with small percentages of cobalt or 
nickel. 

Molybdenum is hardened to  nearly the same extent 
by the addition of the same small amount of either 
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cobalt or nickel, though thcre is evidence that nickel 
alloys harden somewhat Inore rapidly than cobalt 
alloys, and, therefore, are more difficult to fabricate. 

The curves of Figure 12 show how the hardness a t  
20 C of such alloys, both for unworked and worked 
material, changes with the addition of increasing 
amounts of either cobalt or nickel. The changc in hot- 
hardness of worked material a t  500 C is also shown. 
Although the results sho~vn here indicate that the 
hardening effects of cobalt and nickel arc the same, 
other experirnerlts have suggested that nickel is less 
effective than cobalt. More extensive tcsting is re- 
quired. These curves (and those in Figure 11) a t  least 
demonstrate that the alloy containing cobalt or nic,kel 
is superior to pure molybdenum, even when the latter 
is well worked. The hot-hardness is still low enough, 
however, to make the material a not entirely satis- 
factory one for use in a gun liner. 

Neverthelcss, two caliber .50 test liners made of an 
alloy cont,aining 0.1% cobalt gave a remarkal~le per- 
formancc, its described in Section 18.6. This alloy 
does not necessarily represent the best one for the 
purpose, and therefore further study should be made 
of the hardening effects of larger percentages of cobalt 
and of varying amounts of other elements, including 
nickel, iron, and chromium. 

1K.5 CONSTRUCTION OF CALIBER .30 
LlNEKS POK TEST 

optimum might bc used without scvere longitudinal 
cracking during firing. Although the other designsv 
were presumably feasible, some of them were fraught 
with more difficulties than others, and experiments 
were finally concentrated on fa,bricating stave liners. 
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FIGURE 12. Hardening effect of  the addition of  niclrcl. 
or cobalt; l o  molybdenum. (Figure 7 of NDlZC Report, 
9-423.) 

18.5.2 Stave-Type Liners 

18.5.1 General Design Considerations STRESSES IN STAVE LINERS 

The development of an improved typc of molyb- 
denuin for gun liners denlanded ti means of testing 
the material in an actual gun. The gun selectcd fol- 
the purpose n-as tfhe caliber .50 erosion-ttesting gun, 
described in Section 1.1.2.1., because nit11 i t  hyper- 
velocity conditions could be achieved. At the same 
time the impossibility of ot~taining (with the cquip- 
ment available) molybdenum having adequate phys- 
ical properties in thick sections i-ncreased the diffi- 
culty of making even test liners from this materia,l. 
I t  was necessary to devisc means of mttking: them 
from well-worked metal of small cross sec.t;ion. 

Various designs for nlolybdenunl liners mere dis- 
cussed a t  the outset of the program."? ~1 stave-type 
liner, that is, one having longitudinal segments, was 
suggested as a means of transferring much of the load 
of the po\vder pressure from the molybdenum liner 
to the steel carrier. I t  was hoped that, by doing this, 
nlolybde~lunl of strength and hardness less than the 

A calculation of the stresscs in cylindrica,l-tube and 
multiple-stave liners indicated that during the re- 
peated firing of a caliber .50 gun a cylindrical-tube 
liner would be exposed to stresses corlsiderably higher 
than the ultimate strength of molybdenum, as is 
brought out in Section 26.5.3. Hence fatigue failure 
mould be expected after relatively fen- stress cycles 
a t  the assumed explosion pressure (80,000 psi). With 
a stave-type liner, on the other hand, the stresses 
would be substantially reduced. The calculation in- 
dicated that the greatest reductmion would occur for 
a, liner made of four staves, although thc reduction 
for a liner of two  staves, in the case of the caliber .50 
gun, is nearly as great,. 

Since the tangential tensile stress a t  the middle of 
a stave is -nearly to the coefficient of 
friction bctmeen molybdenum and ~ t e e l , ~ '  i t  is evi- 

r T h e  ones that  were tried are mentione$ in Section 18.5.3. 
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XpallC~zg. Spalling occurred along the edges of seams, 
particularly where the lands crossed straight seams. 
It often emanated from tool marks and incipient 
cracks in the surface (Figure 16) which arc the result 
of cleavage fractures in individual crystals under the 
stresses imposed by the cutting tool. Prelinlinary ex- 
perirnentsYG have demonstrated the feasibility of re- 
ducing both amplitude and asperity of such imper- 
fections by electropolishing, but the problems in- 
volved in electropolishing the bore of lirlers after in- 
sertion into the carriers have yet to be solved. 
Swaging nf Lands. Swaging of the lands increased 

the land diameter a t  the origin of rifling and for a short 
distance beyond. In the case of liners BL 33-5 and 
BL 33-7 the land height a t  the origin of rifling was re- 
duced f r m  0.010 in. to approximately 0.007 in. a t  the 
end of the test. This increase iu diameter procluced a 
drop in both pressure and velocity. Thc cause of 
swaging mas a lack of sufficient hot-hardness to 11-ith- 
stand engraving stresses. Swaging, however, w-as re- 
duced to a remarkable degree by the use of the alloy 
containing 0.1% cobalt. 

Linel- ilfoverneat. Forward movement of the liner 
opcned the joint :kt the breech end beneath the cart- 
ridge c:ise and extrusion of the brass case into this 
opening sometimes preventcd extraction of the casc 
and stoppetl the test. 911 liners made without an 
integral shoulder (Figure 14F) and fired a long 
time moved for\\,ard and opened up a t  the rear 
joint. 

Plastic Row of metal toward the muzzle end of the 
liner caused bore constriction which on some occa- 
sions termi~lated the test. In this case, too, the in- 
creased hardness of the inlproved alloy decreased this 
typc of failure. 

All these types of failure were influenced if not 
caused entirely by the fact that the physical proper- 
ties of the molybdenunl mcre not optimum. The ex- 
tent to lvllich the design of the liner itself may have 
contributed has already been considered in Section 
18.5.2. These tests, then, represent merely rt bcgin- 
ning in the development of molybde~lurn as a suitable 
material for gun liners. The program planned by 
Division 1 and subseqtlcntly taken over by the Navy 
Department envisaged extensive tests of caliber .50 
liners for the double purpose of determining whether 
changes in the fabrication process might give im- 
proveti material and of trying preliminary design fea- 
tures that niight be incorporated in :z molybdenurn 
liner for a medium caliber gun, such as that described 
in Section 33.1.3. 

la.' OTHER METHODS OF FABRICATING 
LARGE BIJALETS OF MOLYBDENUM 

18.1.1 Introduction 

Some of the foregoing sections of this chapter have 
told of the need for large presses and furnaces in order 
to fabricate large billets of molybdenum by the usual 
powder metallurgy process. Therefore alternativc 
methods were explored by Division 1 for fabricating 
such billets as starting material for making gun liners. 
In three of theni molybdenum was melted; in thc 
fourth it was merely sintered. The products resulting 
from thc experiments carried out were too brittle for 
the desired purpose; but there is still a possibility 
that either vacuum melting or inductive sintering in 
an ntinosphere of hydrogen might be developed to a 
successful conclusion. 

Vacuum Melting in an Electric Arc. 

In  this method of making a large billet of molyb- 
denum an arc is established in vacuo between vertical 
electrodes ~nadc  from compressed n~olybdenum pow- 
der. The molybdc~~urn runs down from the upper 
electrode and collccts at the bottom of the furnace in a 
casting mold that is lined with molykdenum sheet. 
Although the process involves the liberation of energy 
nt high concentration, it is readily controlled, makcs 
the use of refractories unnecessary, and yields a 
nearly pure product. 

Ingots as large as 25 Ib have been cast. Ingots of 
either nlolybclenuin or molyhdcnum-base aIloys are 
found to contain fewer nonmetallic inclusions than 
metal processed in other ways, but they contain 
many gas pockets, caused by the escape of watcr 
vapor, hydrogen, and carbon nlonoxide which orig- 
inated in the bar stock. By ren~cltu~g in a vacuum-arc 
furnace such an ingot was densified so that the final 
product had a density of 10.232 g/cu crn, which is 
nearly thiit of the nlaximurn theoretical density of 

'This process was being ileveloped by the Climax Dlolyh- 
ilcnum Colnparry a t  i t s  Research L~~boralory in Detroit; a t  the 
t#ime that Division 1, KDR.C:, entered into C:onl,ract OEMsr- 
1273 for the developnlent of chromium-base al11:lys (see 
Chapter 17). Thc scope of [,hat contract was made to include a 
st,udy of the vacuum nlelting oT molybdenum in order to de- 
termine whether Lhe Climax Company's process might be 
applicable to t8he preparation of molybdenum for gun liners. 
The rcsult,s or the ir~vestigat,ion n-crc described in a series of 
monthly progress reports. They se re  summarized in a formal 
Divisir:r111 report," tthat was clraftecl but not issued. Thc Climax 
Company planned to continue t11e investigatinr~ for its own 
purposes after the ternlinat,ion of Contrat:t, OFCRIsr-1273. 
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molybdenum (10.295 g/cu cm), computed from s-ray 
lattice parameter measurements. 

The ~nicrost,ruct,ure of one of thesc pure molyb- 
denum c,astings, shown in Figure 20, consists of large, 
columnar grains sinlilnr to those in the rec~q7stallizcd 
matcrial made by powder metallurgy technique, 
shown in Figure 9. The grains of t,he lnolybdenum al- 
loy castings are finer srld eyuiaxed, but in both cases 
the grain size is larger than that of t,lw original com- 
pressed and sintcred bars. IIence i t  is not surprising 
that wh.en sn attempt \\.as made to forge this mate- 
rial the ingot split into many rodlike pieces.g6 

Frounz 20. Stl.uct,ure of molybdrrlu~n ~emell.cd by thc 
vacuum-arc process. 50 A'. (This figure hacl appeared 
in a progress 1.epo1.t on Cont~.act OEMsr-1273.) 

Molybdenum-base alloys conta,ining tung~t~en, iron, 
or cobalt when melted in the vacuum arc are not aa 
hard as similar alloys prepared by powder metal- 
lurgy. 

18.1.5 Vacuum blelting 

in an Induction Furnaccg" 

MELTING MOLYBUI~NUM ALLOYS IN 4 CRUCIBLE OF 

PURE ~ ~ , U M I N U M  OXIUI+~ 

A vacuuln furnace heated by induction has been 
used succcsslully in melting molyl-~dmurn-basc alloys 
containing chromium, cobalt, and iron. The details 
of the furnace may bc seen in Figure 21 which is here 

shown as used in t,he melting of molybdenr~m-base 
alloys with a molybdenum content of 50 to 80%. The 
Alfrax crucibles, consisting of pure aluminum oxide 
( h 1 2 0 3 ) ,  melt at  a temperature in the neighborhood of 
2000 C, hence they cannot be used t,o melt pure mo- 
lybdenum (melting point, 2620 C). Energy was sup- 
pliecl t,o the inducttion coils from a vacuum-tube oscil- 
lator gencrhator rated at  20 kw snd running a t  
approxirna1;ely 130 Irc. 

SIGHT GLASS 

TO OIL DIFFUSION 
PUMPS AND 

\ 

CENCO'HYPERVAC" - 
PUMP 

ASBESTOS STRING 

COOLING COlL 

QUARTZ TUBE 

NO.12 MESH WHI 

"ALFRAX' CRUCIBLE 

SINTERED ALUM1 

INDUGTION COlL 

COPPER STOOL 

COOLING COlL 

FIGURK 21.. Vacuum-melting furnace for rxlulybdenurn 
alloys. (Figure 40 of NURC Reporl; A-424.) 

The compacts (1 56 in. x 2 tn 3 in .) were lneltcd in 
about B min a,nd allowed to cool in thc crucibles. 
When the rrlelts wcre removeti from the furnace they 
showed bright untarnished surfaces, but out of about 
50 alloys with varying compositions, all but a dozen 
were too brittle tn be of use. The lisrdness, strength, 
and malleability of thc bcttcr ones was not definitely 
superior to those of molybdenum except in thc case 
of one alloy which, upon analysis, had the following 
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co~nposit~ion: Mo 79.4%; Cr 8.5%; Co 112.7%. This 
material, or solile similar alloy, might be useful as a 
gun liner matterial when adetluately ~rlpport~ed by the 
gun tube proper. 

Test samples of molybdenum alloys have been 
melted successfully in an inductively heated vacuum 
furnace liaving an ericlosure of silica glass surrounded 
by high-temperature thermal insnlation of calci~led 
thorium oxide. This hcart,h materid is little affected 
by temperatures considcrably above the melting 
point of molybdenum. In one test, meltling \\-as ef- 
fected with a 1,100-g charge in a crr.~cible 256 iri. in 
intfirna,l diameter in the field of a coil of Gin, internal 
diameter by 10 in. long operated at  800 to 1,000 
ampere-turns per inch a,t a frequency of 9,600 c. In 
another test, ~ziclting mas brought about progrcs- 
sively, using tthc same power supply, in a charge ap- 
proxirriately 1% in. in diameter and 12 in. long 
formed by stringing drilled blocks of sinteretl molyb- 
denum on a nlolybdenunl rod to m~tintain the align- 
ment necessary for subsidence of the columr~ as nlelt- 
ing progressed. 

Most of thc experimental ingots produced by this 
mclting technique were brittle and sho\ved extensive 
intc?rcrystallhc: (!racking \\:hen forged at approximate- 
ly 1400 C. This inay have been due to an observed 
nonn~ctallic rnatcrinl of purplish hue and unkno\vn 
composition' 11-hich appears to form rtn r?xtensive 
intercrystalline net\\.ork. The crystalline structure of 
the ingots wss coarse itnd colur~mar. In onc case 
single crystals &out 1 cm in length \\-ere detached, 
and at  room temperaturc were bent repeatedly 
throngh an anglc of 30 degrces providcr.1 the rate of 
deforrriation 17~as slow. R o ~ ~ e v c r ,  a, suddenly a,pplied 
bending force al~c-ays caused fi*acture. 
il ~nixturc ol molybdcnun~ with thorium oxide 

(ThOt), mechanically presscd and sintcred a t  1000 C, 
was melted in s i ~ ~ i l a r  manner. It was thonght that 
the thorium osicle might, rniniriliie the grain size in 
the ingot. The grains were found to be equiaxed, but 
pronounced grain bound:try rlt,tacli rcsultecl from 
etching in s.qua reg is^. 

' This is, perh:l,ps, the sanle m:lteriul described in u progress 
report dater1 >larch 27, 1944, by thr: Clinlttx 3lolyhdenum 
Company as FolXo~z-s: ". . . a purple tintcd materi:~,l having 
c'haractcrit;tics betwcen met:tl and oxide. Its sl~alysis . . . givcs 
it almost exa,ctly thc conlpositiou of NIoO." 

Therrni~ Melting a 

For sollle time commercial ferro-nlolybdenuln has 
bcen prod~~ced by "thermit" melting. In attempting 
to adapt this teclmique to the production of ingots ol 
molybdenuin of high purity all ferrosilicon was dis- 
pensed u>itl~ and aluminual alone was used to reduce 
tthe niolybclenum oxide (MUOX) to the metallic state. 
Carefully calculrtted arnoonts of rnolybclmum oxide 
and alurninum wcre placed in a pot over a form lined 
with periclase (MgO) and surrounded by a stecl shell. 
After having been baked out both form and shell 
\\-ere ljurietl in a sand pit with the top flush with the 
sancl level. 

The charge \\?as ignited -\\-it11 a bomb containing 
about M lb ol almninum and :%bout 2 oz of Solazone 
(Na202) \vhich could be lightcd wit,h s taper. The 
rcaction began a t  once and proc:eeded ri~pidly, only 
from 10 to 30 sec having been required lor the com- 
bustion of abo~it  200 lb of ~nixturc-:. During the main 
reaction large volunles of smoke and flames were 
produced, as slion-n in Figwe 22. This stage \\-as fol- 
lowed by a, second, of longer dm~ation, during I\-hicll 
the melt bubbled and emitted only a srr~all arno~,unt of 
smoke and flame. After cooling for 24 hr the ingot 
was remover1 and, if possible, sawed in two. If it was 
too hard to saw, it was broken with a sledge hammer. 

The characteristics of such ingot,s are sho\\m in 
Figure 23 and of the r~cconlpanying slags in Figure 
24. Mixes Nos. 35, 36, and 38 contained a sxn~~ll 
amount of iron or iron orc :la an oxidizing agent, but 
No. 37 contaimd no iron. 1\11 four ingots were de- 
scribed as very porous, soft;, gassy, and coarse grained. 
The top of S o .  37 mas fine grained and ~ontarninat~eed 
with hard sl~tg. Segregation is men to be more pro- 
nounced in No. 38. Such material is evidently unsuit- 
able lor use as a, gun liner. 

In the experiments performed it \\-as found impos- 
sible to obtain a balunced mix which would give a 
degassed product without a,n excess of silicon or alum- 
inum or both, elements which tend t,o make the alloy 
hard and brittle. Equally unsuccessful was the at- 
tempt to find sornt: other m:tterial (iron ore, iron, 
chromiunl, manganese, copper) 15-11ich, when, added 
to the mix, \\ioult2 perform the final deoxidation and 

"This pwraijs \)-as invt:st,igated by tihe Climas Molybdcrlum 
C:ompany nt itis plant a t  Llatig(:loth, Pennsylvania,, The resulls 
\\-ere clcncribed in t h r c ~  report,s idalecl March 27, July I, and 
September 1, 1044) submitted to Division 1, NDiZC::, under 
Contracl OEh/Isr-1273. Thcy were summarized in  a formal 
13ivision I report?? ',hat wks draftcd but  not issued. 
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Another ~net~hod of making :I coat of molybdenunl bring about the forma,t,ion of intermediate layers of a 
on steel is by evaporation frorn :in atomic liydrogen brittle intermetullic cornpound which destroys the 
arc, or by  projecting thc powder into such an arc. The usefulness ol the coat as an erosion-resistant gun 
very high ternperat,ures involved in such experiments lining. 



Chapter 19 

STELLITES A:ND OTHER COBALT ALLOYS 

19.1 INTRODUCTION 

T aE SUIIVNJ\- of erosion-resistant materials given in 
Chapt,er 1.6 t~ientions that Stellite No. 21, because 

of it,s resistance to chelnical attack by hot powclcr 
gases, hardness and strength a t  high temperat~~res, 
ancl cxt:ellen t wear and abrasion resistance, has she\\-n 
outstanding performance in applic*:ltions as short 
breech liners in machine gun barrcls under firing con- 
ditions so ssvere that unmodified steel barrels are un- 
able lo I\-it,hst,and such schedules. Tlic present chap- 
ter clescribos t,he metallurgy of Stellitc No. 21 and 
then recounts thc tests that have been nirtdc \j-it8h 
other st,ellites alld other cobalt alloys in an effcrt to 
utilize them as grm liner materials. The ccnclusion" 
from thwe investigations I\-fis t,liwt "Stellite S o .  21 

- 

is an alloy composit,ion tl-ia,t happens t,o have a nearly 
unique combination of properties that nlakes it suit- 
able for use as a gun lincr fired with single-13af;c 
po\+-der." 

At the same t,inle, the advizntages and limitations 
of Stellite No. 21, ns a liner material should be clearly 
recoglizcd. Arriong the advantages are its I-lot-hard- 
rless :inti hct-strength (t,o i*esist deformation cf the 
rifling), its excellent :~X.)r:~sion and wear resistslice (to 
resist wear by the projectile), its good ductility 
(which prevents serious cracking) and its machinabil- 
ity (whiah per~llit~s satisfactory fabrication). The low 
thermal conductivity of Stellite KO. 21 as compared 
fo gun steel (about that of gun stccl a t  200 C and 
about % at, 800 C) may be an adva~ltage in some 
cases for. a gim with a stellite liner where the ternper- 
ature of the steel gun tubc lirnits perfornlance because 
of lack of strength a t  higli tfemperaturcs. 

The lo\v rllelting point8s (actually fusion rangcs) of 
stellite-type alloys :Ire an outstanding limitation. The 
meltling points of tllcsc alloys lie in the range betwee11 
1250 and 1350 C: while gun steels are in the range of 
1400 to 1450 C,!. 'l'l~ere is smne evidence (clescrihcd in 

Special Aasi~tnnt, 1)ivision 1, NDRC. (Present address: 
Geop11yt;ioa.l Lahol.utory, Cnrnegie Institution of 'A-diillgton.) 

This condnsicnl .ir-i1.s expressed i n  the "Report of Stellitr: 
Advisory Co~nmittee': of Division 1, XIlR.C, October 5 ,  1945, 
alter det;n,iled stucly of the results of t,he investig;itions that are 
sullmln~i~ed in r,he present chapter. 

Chapters 1.0 and 13) that, erosion, par1;icularly in 
largc guns, is, in part, an actual melting of the horc 
surface during firing. In all tests of stellite liners in 
the caliber .50 erosion-testing gun, in nlachine guns, 
and in the 37-nlm gun, M3,11-hen double-base po~vder 
(with a high at-liabatic flame temperature) was used, 
sei*ious melting ol' the bore surface cccurrcd; while in 
similar t,est,s using a cooler propellant (IMR or PNFI- 
1 4 1  polvder) performance was escellent. Bc?cau~e cf 
their lox- rnelt,hlg point,s stellites are not a univer- 
sal solution to ttlie problern of the erosion d :i 
hypervelocity gun. 

SELECTION OF STELLITE NO. 21 
.AS A LINER MATERIAL 

19.2.1 Vent-Plug Tes ts  of Stellite :No. 6 

,4t a very early stage of the studies of gun erosion 
by Division I,[) KDRC, thc sl~ggestion was m:~cle bv 
C. W. Druiy, Chief, Amour I-)I:.l.te 13i1-ision, Depart- 
nicnt of Munit,ions and Suppljr, Canada, that gun 
erosion might, be mitigated by use of bore-surface 
material having high hot-hardncss. He suggested 
further that cobalt alloys (for esamplc, the stellites) 
were the ma,terials t o  investjigate, since cobalt is lhc 
element that confers this property on an alloy. 

As a result of this suggestion, and in spite of criti- 
cism of it expressed at  a co~lference"~ \~ i t ,h  ordliance 
experts, both Stellit'e No. 6 and high-spccd steel 
(which. also has a certain degrcc of higli hot-hardness) 
were tested as mosion vent plugs (Section 16.3.1). 
Both materials she\\-ed high weight losses.?r The 
cvitlent need for a material nith a high melting point 
to uithstand this test \\.as partly the reason that 
attention ~k-as focused on thc dcvclopment of chro- 
mium (Cbapter 17) ancl molybdenum (Chapter 18). 
I t  11-as not until later t,hat it; was realizized that the 
poor resistance oi stellitc to "flash" melting in this 
very severe vent-plug test had maslced its resist,ance 
to chemical a,tltlacl< 13). the powder gases, 1% cor~clusion 
that \\.as confirmed 11y subseq~~ent vent-plug t,cst,s of 
several stellites under less severc  condition^.^^ 

At that tjn~e Section A, 1)ivision A of NURC. 
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i9.a.a -Machine Gun Li.ner Tes t s  of 
Stellite No. 6 

A firing ttest on a short breech liner of pure soft 
molybdenum in the ca1,iber .50 air-cooled, heavy ma- 
chine gun barrel showed that, even though there was 
no melting or chemical attack, failure occurred by 
cleformation of the rifling by the swaging jinpxct of 
the bullets after only a short burst of fire. These test 
results emphasized the importance of hot-hardness, 
resistance to permanent deformat'ion, and wear re- 
sistan.ce of the bore-surface material in rapid-fire 
guns even when fircd under ordinary velocity condi- 
tions. 

Tn order to evaluate the relativeimportance of hot- 
hardness and chc~nical resistivity in c,ontrolling the 
performance of bore-surface materials in a rapid-fire 
gun, a reconnaissance series of different materials of 
known hot-hardness was selected for firing tests as 
short breech liners in the caliber .50 heavy machine 
gun barrel. Liners ol 18-4-1 high speed steel, Voland 
No. 2 hot-die steel, Cyclops KL hot-die stee1,hnd 
Stellite No. 6 were tested in the caliber .50 heavy 
machine gun barrel on a severe firing schedule (500 
round groups of 100-round bursts one minute apart). 
The results80 on the first three materials were very 
disappointing. The hot-hardness of these mat,erials 
could not be utilized because of severe powder gas 
erosion. Evidence for the thermal dteration xt tthe 
bore surface of on.e of the liners of hot-die steel is 
shown in Figure 9 of Chapter 16. The lincr of Stellite 
No. 6, on the other hand, was resistant both to therm- 
ochemical attack by the powder gases and to de- 
formatlion of the rifling. 

Sincc a test of materials of outstarlding hot-hard- 
ness was desircd, the particular stellite alloy chosen 
for the test (Stellite No. G),  h:id been selected because 
i t  was thc hardest commercial grade of stellite that 
could he rifled with carbide-tipped cutting tools and 
because i t  had an excellent record as a valve-scating 
material for high-temperature service. After three 
500-round groups, the stellite liner showcd little or 
no powder-gas erosion, dcforrnation, or wear. A gun 
stccl barrel in a similar test is nearly worn out after 
only one such group. IIowever, the liner of Stellite 
No. G showed several deep longitudinal craclrs, a t  
least one of which passed completely through the 
liner wall. Such a liner would be unsafe for Service 
use. Hot-hardness had been overcmphasizecl a t  the 
expense of ductility; moreover, since the lincr had 

moved forward during firing, the insertion problem 
remained to be solved. 

19.2.3 Tes t s  of Stellite No. 21 

The inserthn problcm was solved by the use of the 
flanged liner design described in Section 22.2.1. The 
problem of cracking was completely solved by cl-~ang- 
ing the coirlposition of the stellite for Iincr use. Using 
the same severe firing schedule, a 6-in. length invest- 
ment-cast, liner of Stellite No. 21 was firrd 10,900 
rounds before it finally wore out.0 Therc \+.as no crack- 
ing or dangerous failure. This alloy had good hot- 
hardness, but not as great as that of Btellite No. 6. 
The drxctility of St,ellite No. 21, ho~vever, is so lnuch 
greater than that of No. 6 that surlace cr*acks are not, 
propagated in it. 

Subsequent firing tests on caliber .50 aircraft ma- 
chine gun barrels with 9-in. length, flanged-type, 
investment-cast liners of Stellite No. 21 inserted on 
a shrink-fit demonstrated outstan.ding ,pcrlormancc 
of a different order of rnagn.itude from that, of stand- 
ard steel barrels, as is recounted in Chapter 22. 
Similar results were s,chieved with other rapid-fire 
small arms barrels with these liners. IJnderb 1;hese con- 
ditions, Stellite No. 21'  meets thc criteria for a 
satisfactory bore-surface material. 

"9. METALLURGY AN13 PilOPEilTIES 
OF STELLITE 

19.3.1 Chcmical Composition of Stellites 

The stellites arc cobalt-base alloys with 25 t,o 30% 
chromium, with a moderate amount (usu~tlly about 
6%) of molybdenuni or t,ungst,en, with s i l ~ l l  or inod- 
e ra t ,~  amounts of one or bot'h of the metals iron and 
nickel, and. with carbon contents varying from 0.2 to 
slight,ly over lye. They are cninnlonly cast alloys 
with manganese and silicon contents of 1 per cent 01' 

less. The nominal compositions of some stelli1;es are 
given in Table :I.. 

As the nickel or inm content is increased the ma- 
chinability of the alloy decreases. The stellites that 
contain molybdenum instlead of tungsten are, i1i gen- 
eral, more ductile and softer than the tungsten-bear- 
ing alloys of the sarne carbon content. When the 
carbon content of a stellite is high, the alloy is strong- 
er, harder, and more brittle than. whcn thc carbon 
content is low. T1-ie effects of the chemical cornposi- 

"or the compositions of these steels see Section 18.4.11. a Scc Scction 22.2.2 for deta8ils of t,his test. 
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TART.E 1. Nominal percentagc con~posit,ion of st,ellites.* 
- , 

Yo. 21t NO. 6$ No. 23 KO. X-40 No. 422-19 KO. 27 -- ,,.,, 

Chronlium 28 2s 25 25 25, 28 
Nickel 2 2 2 10 l t j  32 
Tungsten . . 3 ) 7 . . . . 

Molybdenum G . . . . . . 6. 5 
Cobalt Balance Balance Balance Balance Balancc Bdal~ce  

( ( ( I .  64) (CO. 85) (cn. 68) (ca. 58) (ca. 53)  (ca. 3.5) 
Carbon 0.25 0.50 0.40 0.50 0.40 0.40 

:> .I11 o[ the cast ~Eellites c o n t ; t i ~ ~  ir011 ( rnas i rnu l~~ 2 . 5 7 ~ ) ,  nlanpunesc (ninx I s - , ) .  and silir:on (niax I?;,). 
t The tei~tntive Army sl~ecifications"1 for the con~l~ohition ol in\-eslmcnt cnstil~es of cobalt-chromium nlloy nrrc about thc s x n ~ c  11s this coml>osit.ion. 
: Stcllitc No. 22 is rollcd Stcllitc No. 6. Stcllitc So. (%-PA is similar t u  Stellite go. l j  o~l ly  \vit,li n lon,ei- ul~rborl content. 

tion on liner perlorm~znce are discussed 1:ztcr in this 
chapter (19.1.5 itnd 19.C;). 

1s.s.z Crystallograpl-ly and 

Structure of Stellite No. 21 

Invcstmcnt-cast Stcllite No. 21 h:~s as its prim:j,ry 
phasc and rliatrix, a c,obalt-rich, solid solr~tion with :$ 

face-centered cubic lattice. Tlie general s tr l~ct~lrc is 
revealed in thc pho1;omicrogr:zph shown as Figure 1. 
Kumerous small, well-distributed areas of binary and 
te1.nar.g eutectic, ma,terial are present. The binary 
eutectic is the MBC, solid solution tvpe, 11-11e1.e M may 
be aobalt, chromium, or molybdenum, a i d  the t,ernaa.y 
cut,cct,ic includes t,he phases MsC, solid sol~lt~ion, :md 
Cr7C3 \vitl-1 part of this last c:trbide translormcd to 
Cr4C. Small areas of a "pearlitic" constituent (from an 
analogy to tlie appearance of pearlite in steels) are 
present. This is believed to be a eutectoid formed by 
transforinatinn of the cubic, cobalt-rich, solid solut,ion 
to 8, hexagonal l o rn  \vithasi~rlultaneoucr precipitation 
of Cr4C. 

'l'lie prirnary, cobalt-rich, solid solution phase of 
Stellite No. 21 is cubic as cast but can be laa.gely 
converted into hexagonal metal (nith some exsolu- 
tion of carbides) by hcating a t  800 C for about 50 hr. 
The cubic face-centered lattice of the cobalt-rich, 
so1j.d sc>lution i s  similar in unit cell size t,o the cubic 
modificat,ion of pure cobalt which is stable b~twcc-m 
about 400 C :~nd 1000 C. Thc cffect ol thc alloying 
elements chi-on-li~im a r~d  1noly1)dcnum apparently 
raiscs thc lo\ver. txansition temperature axid thus ex- 
tends the stability range of t,be lo\:temper.ature, 
hexagonal f(wm to higher temperat,ures. 

After polishing, samples of Stellite S o .  21 inay bc 
etched in n numbcr of ways for lnctnllographic ex- 

:tmin:ition. TIYO mettllocls have been found part,icu- 
larly useful. An electrolytic etch with dilut,e aqua 
regia reveals the general structure of tlie alloy while 
an alkaline potassiunl per~nanganate solution selec- 
tively stains the r:nrbide constituents of tlie :~lloy. 

Thc: structme varies only slightly &om cast>ing to 
casting :~nd in different parts of the same casting. The 

F l c c n ~  1 .  As-cast s t ru~t~ure -of a specinlen froin R 
tyqicel investment-cast Sicllit,~ KO. 21 l ins~ :  Rl~ct~ro- 
lytic aqua regia etch; 100X. (This figure hns heen txkcn 
from XI1R.C Report A116.) 

rate of cooling during the casting process c~nt~rols  the 
gl-:iin size and the amount ol t,llc pcarlitic ~onst~ituent. 
9 large number of liners of Stellite No. 21 were 

extimined after firing tests. A photomicrogr~iph of n 
fircd liner is shon.~i as Figure 7 in Chapter 16. Little 
or no change took place as a result of firing except al; 
the immediate bore surface where a large number of 
surface cracks developed and there was evidence of 
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age-hardening. Even after a severe firing test the temperature between about 1050 ~tnd 950 C, and the 
surface cracks, a.lthough very numerous, were quite amount formed depends on the cooling rate and con- 
shallow and appee.rec1, a t  random and only occasion- s&uently on the time the specimen is held in this 
ally at  grain boundaries. range. 

X-RAY  EXAMINATION^^ 19.3.4Effccts of Carbon Content on Structure 

X-ray examinations of Stcllite No. 21 were made 
to see whether there were any peculiarities in the 
struct,ure of invcstmcnt-cast liners as compared with 
th.:lt obtained by other casting processes and also to 
observe any effects of heat-treatment or mech.anica1 
working on ~t~ructure. Examination of liners prepared 
t)y investrnent-casting a,n.d by dry and green sand 
castling showed the- investment-cast metal l-las much 
larger cubic crystals and t h ~ t  therc is morc preferen- 
tial orientation of crystals as a result of this casting 
process. 

Examination of metal a t  the borae surface of liners 
after severe firing tests showed cubic metal with a 
fine particle size. h few very faint lines werc present 
on the x-ray photographs but could not he identified. 
Thus the essential change at  the bore surface as a re- 
sult of firing was one of crystal size and not one of a 
chemical nature. 'l'hc chcmical inertness of this alloy 
tomarrls hot powder gases makes it very erosion- 
resistant unless loss by melti.ng occurs. 

By x-ray studies of snnlples heated to various.tem- 
peratures and for various periods of time, the inver- 
sion temperature of hexagonal, cobalt-rich solution 
tto cubic, cobalt-rich solution in this alloy was found. 
to be a,pproxirnately 800 C. This inversion is very 
sluggish; wl-lilc pulverized metal heated at  800 C: 
t,ransformed in about 2 hours, solid pieces had not 
entirely transformed in 1.5 days. Any mechanical 
working a t  rooin temperature, such as cutting, filing, 
or machining, caused the surface layer to invert to 
the hexagonal form. 

Tlic effects of variations of carbon content in Stel- 
lite No. 21 in thc range from 11.08 to 0.58% carbon on 
the as-cast structure and hardncss were studied. In 
this range both high and low carbon contents sur- 
press the formatlion of pearlite. Maximum pearlite 
developed in the alloy with 0.35% carbon. 

A similar series mith normal carbon content (about 
0.25%) but with iron contents ranging from normal 
(2.5y0 or less) to as high as 20y0 were studied. Iron 
had no effect on the str.ucture in either the as-c%st or 
thc heat-treat,ed condition. There was no softening 
effect on hardness at  room tcrnperature, but such 
additions did decrease the hot-hardness. 

1s.s.5 Work- and A.gc-Hardening 

The effectiveness of Stellite No. 21 as a liner ma- 
terial results not only from its hot-harclness and re- 
sistance to chemical attack by powder gases, but also 
from its susceptibility to work- and nge-hardening 
and its rct,cntio~i of such addcd hardness during and 
after exposnrc to high temperatures. This coaclusiori 
is based on an extensive series ol  measurement^.^ An 
intense cold-working of the surfa.ce with resultant 
work-hardening occurs even (luring the machining 
operations (boring and rifling) on liners, and addi- 
tional work- and age-11ardnt:ss is imposcd by firing 
stresses. Cold-~vorlrcd Stcllite No. 21 age-hsrdcns 
much more rapidly than the unworked metal and also 
reaches :I. higher ultimate I-lal-dness. 

While inetallogr>~.phic techniques do not readily 19.s.6 

distinguish the hexagonal metal from the cubic, x-ray 
Volume and Dimensional Stability 

- - 

examination quickly identifies the hexagonal phase. J,iners of Stellite No. 21 in machine gun barrels 
have bee11 found to undergo small dimensional 

19.3.3 Effects of Heat Treatment 
on Structure 

changes as a rewlt of firing. With flanged-type liners 
inserted with a shrink-fit into a recessed calibcr .50 
aircraft ~nachine gun barrel, tth.e length decreased - 

Aside from age-hardening, the most noticeable ef- during firing leaving a small gap L L ~  the forward joint, 
fect of heat treatment on the structure of Stellite No. ant1 there was a small decrease in bore diameter with 
21 is a change in the amount of the "pearlite."88 an accompanying increase in muzzle velocity after 
When  specimen.^ of invc:strncnt-cast rnetal are heated the first burst of fire. These dimensional changes were 
to 1300 C and held there f o ~ .  15 minutes the pearlite probably caused for the most part by stresses during 
ciissolves. It forms again on cooling from 1300 C to a firing, ni th some slight changes causetl by structural 
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changes in thc liner dloy. Such climensional changes mental work of NDRC %\-as terminated. This process 
have no delctcrious effecl on the performance of should be investigated furthcr. 
mactline gun barrels. 

Pust, expel'ience with stelli,te izlloys had shown that ,,,,, 
small dilnensio~lal chn~iges resulted from r~psett~ing or Physical and Thermal Properties 
plastic defwmation when a piece of metal was pre- 
vented from espandi~lg hcely cluring heating because 
of a lleavy shrink-fit. Sir~cc phase changes in the alloy 
Jvere know-n to occur, n series of very careful experi- 
ments" \\-ere nladc to evtllu:~t,e volume stability. NO 
measureable changes \\-ere foun.d after heating at  700 
C. Bet~vecn 800 C ant1 1000 C a permanent; shrinkage 
of 0.00086 inches per i~lch ~ v s s  observed. This change 
was slow (a niatl;er of sn ho11r 01: hours depending on 
the tem~era~ture). At 1200 to 1250 C rlimensio~lal 
changes \\-ere smfi11 and clependcd much on the pre- 
vious history of the snmple. The changcs varied from 
a slnnll perriianont psp:tnsion to a, small permanent, 
shl-inkage. Chilling in liquid nil: ctiused no permanent 
dinlensional changes. Nonc of these changes ~l-erc (:IS 
great enougll magnitude to account for the decreasc 
in liner. leagtth during iiring; sr~ch decretise in liner 
length must have resulted horn bore st,resses- 

19.3.7 Working Properties for 
Forging and Rolling 

Stellitc No. 21 can be hot-l'orgcd or hot-rolled. 
Because of it,s high-tJemperat,u~-e strength, hot-11-ork- 
ing is much more dificult t,han with sl;eels or other 
convcntionl-tl materials. Thc essent,ial requirements 
for thc hot-rolling of Stellite No. 21 are t,lw mainte- 
nancc of a moderately high tcmperat,~lre (about 1190 
C) and a comparatively small reduction at  each pass. 
During rolling, nuxnerous rehentings and rolls thal; 
can apply high pressures are required, but sheet or 
strip of lirnitted sizes can b(-: protluced in alxnost any 
gauge desircd. The lnost desirable tomper:tt,ure rangr: 
for forging is about 040 to  1070 C:. Metal jvorkerl by 
forging or rolling s h o ~ ~ ~ s  the expected amount of grain 
rcfincrnent. 811(:h metal is very hard :1nd usually re- 
quires hcttt-trcrtting (normnlizing) al, :tk)ol~t 1150 C. 

Stellite No. 21 cannot be economically pierced and 
made into seanlless tubing. For this reasori cri.stings, 
tiescribed in Sectlion 1.9.4, rather than forgings, were 
uscd for liners. To obtain tubes of n-ell-worked rnetal 
for tests, ho~vever, solid forgcd b:-lss were drilled to 
the proper borc dia,meter. I t  is likclp that I\-elded 
tubing can be madc iron1 rolled strip arld  experiment,^ 
on this proccss were in progress \\-\-hen t,he experi- 

The available data on Stellite No. 21 may be sun]- 
rnarized as follows: 

Hardness anti Hot-Hnrd,ness. TTarious samples of 
Stellite No. 21 from liners showed hardncss values 
between 331 a,fld 387 Y P S  with 30-kg load a t  room 
temperature. Most liners ttest;ccl about 26 on the 
R.ock\rell C scale. hIeasuremen1;s of the hot-hardness 
of inve~t~menl-cast St,ellite No. 21, n-ith a 1.0-kg load, 
and correspondirlg measurements on WD 4150 mn- 
chinc gun steel are shown in Table 2. This ability to 

TABLE 2. Hard~less of Stellite No. 21 at different tem- 
peraturcs compttrecl ~vr-ith tlx~t: of WD 4150 stcel. 

,, ,,. , - ".. , . 

Stellitc So. 21 W13 41 50 stmeel 
Temperature he,i~dncsa 11al.dnees 

(C) (VPN) (VFY) 

20 31.1 290 
600 275 241. 
600 242 140 
700 20G 60 
800 176 36 
20 (aflcr best) 327 202 

rctain a large part of t,he rocml-tcmperatu1.e hard- 
ness a t  elevat;ed ten~pers~tures is an outstandingpl:op- 
erty of the ~tellit~es. 

Spcczfic Gravity mu! Deasily. The specific gravity at  
20 C is 8.30. Values for density a t  intervals beti\\-een 
20 C and 800 C are given bclom under thermal co- 
efficients. 

Mcltzny Kuage. Th;s alloy docs not have a sharp 
melting point but has a fusion rtmge over which 
liquid and crystals coexist. This fusion range has not 
been located accurately and is influerlced hy varia- 
tioris in chemical ccrnposition u-ithin specification -. 
hmits for this alloy. The melting ancl softel~ing ranges 
probably lie sa~ne\~-hcre bet,-('ireen about 1280 C and 
1350 C. Ccnlplete nzelting nlny even occur somelvhat 
higher than 13.50 C and valucs as high as 1.396 C have 
been :~lleged. The meltirig interval needs further 
stucly. 

Thernlal Coqflici~nls. Tempe~at~ure distribution in 
ctlliber .50 machine gun barrels wit,h and without a 
stellite liner has alrcacly heen discussed briefly in Sec- 
tion 5.4,.-!C. The thel.m:tl coefficients of Stellite No. 21 
as comp:ired 11-ith r~~achiric gull steel are given here in 
Table 3. Stellite is a poorel heat co~ldrlctor tha,n steel. 



396 STELLITES AND OTHER COBALT ALLOYS 

TABLE 3. Thermal coefficients of Stellite No. 21. and of SAE 4150 stcel for con~pal,json (in pare~~tlleses).""' 
-- "- 

Volume Hcet 
Temp Dcnsity specific Conductivity Jjidusivity conduction 
(c) (gm/cm3) heat (cal/cm scc/"C) (cm2/sec) constant; 

(cal/cm:'/"C) (cd/cm2 $eci/"C) 

In the case of a single round in a stellite-lined barrel, 
this results in a lower heat input per round xvith 
higher bore-surface temperatures but lower tempera- 
tures a t  depth as compared wit,l-1 a regular steel ba,r- 
rel. A further outcome of this difference in thermal 
properties is that in a continuous burst the deep 
swaging temper~ttnr~es' in the region of the line]: are 
not very different than those !or a regular steel barrcl 
for 200 rounds. For longer bursts the deep swaging 
temperatures rise more rapidly in steel than in stel- 
lite. Thermal cffects in gun barrels during firing are 
discussed in detail el~ernhere.~~" 

Dilatoincter curves made -with an optical, differ- 
ential dilatometer between I-oom temperature and 
1000 C showed no thermal arrests and the heating 
and cooling curves were newly ident,ic~~.l.~O 

19.5.9 Mechanical Properties 

Considerable data on the tensile propcrties, hsrd- 
ness, impact strength, modulus, and ductility of Stel- 
lite No. 21 both a t  room .i;emperaturc and a t  elevated 
t,emperature were obtained during the stellitc-liner 
development. The effects of method of castling, heat- 

, treatment and lnechanioal worlring on these proper- 
, ties were e ~ a l u a t e d . ~  Stellite No. 21 has excellent 

strength and hardness, as mcll as reasonably high 
ductility and irrlpact resistance, both a t  room tern- 
perature and a t  the elevated temperatures encount- 
ered in machine gun barrels during firing. Inlorma- 
tion on, the mechanical properties of the investment- 
cast metal in the as-cast condition was obtained by 
mechanical tests. The data for tests a t  two t,empera- 
tures are given, in Table 4. Data on SAE 41ti0 steel 
are given for comparison. The test bars were 1-in. 
gauge by 0.24-in. Rot-hardness values were given 
in 'i'ftble 2. 

f Temperature a t  in. lrom bore 

Measurements" of modulus of ela~tic~ity (Young's 
modulus) showcd decided direct'ionftl properties in in- 
vestment-cast metal. I3ecause ol the very large grain 
size the entiit cross section of a 0.25-in. tensile specj- 
men, may consist of a single grain. Moduli ranging 
from 23 million to 40 rrlillion psi mere rncasured. J t  is 
interesting to not,e that such nonuniforrnity of mod- 
11111s had nu noticeable effect upon life and perform- 
ance in firing tests. It should be reinernherecl, thst  all 
cast-'(and heat-treated) metals, such as steels, hrttsses, 
etc., have a rather indefinite elastic modulus, spread 
over a wide range of e~pcrinienta~l values. Only 
wrought metals have fixed values for their moduli. 

Stellitc No. 21 can be rnachined readily with prop- 
er tooling. In  spite of much apprehension on, the 
part of machine gun barrel manufacturers, no serious 
problems were encountered in 1;he machining ol stel- 
lite liners in production. By the use of the propcib car- 
bide-tipped tools and cuts and feedsllg determined in 
the developinent ~ v o r l r , ~ ~  it was fo~ind that it \vas 
much easier to hold Stcllite No. 21 to close tolerances 
on dime~isions than machine gun steel (WD 4150). 

19.3.11 Availability 

Stellite No. 21 contains mow than 60 per cent of 
cobalt and about; 28 pel. cent of chromium. During 
the war the supply of both metals \\.as critical. Fcr- 
rochrome, v-hich was less critical tha,n pure chr.omi- 
urn, was used to supply a part of the chl.omiurn. 

Only because thcre was an adequate stock pile of 
cobalt, were all of t,he stellite liners needed for machine 
gun barrels obtained. Pra.ct,ic:ally no cobalt ore is pro- 
duced in the United States. The world supply comes 
largely from the Belgian Congo. During times of \var, 
shipping conditions inay hc such that this supply \\:ill 
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T ~ B L E  4. R.cs~ilt,~ of lnccha~lisal tests or1 ji,~ve:jtrnent-cast Stellhe S o .  21 in ss-cast condition* and on 4150 stee1.t 
.,...-,... . - . 

Tcnsile Y jell1 Breaking Elon- Reductioil Hard- 
Sample Temp st,rellgt,h point strength gation of area ness 

(psi) (psi) (psi) (%I (%I (Rc) 

Btellite I3oom 90,000 65,000 123,000 23.5 23 29 
Steel R oom 135,000 I 16,000 2 1 5 7 
Stellite 1500 F 71,000 45,000 84,000 30 24 
Steel 1200 P 45,000 20,000 38 92 

* Tosts znntle ot Crane Cu. and reholts ~ i v e n  in  Report R, on Contmct OIilIsr-63. The Chnrt:~): iml?nct-resist:11ice nf t h i s  lnntcrinl rsries from 9 to 
13 ft-lb a t  80 F and from 11 to 13 ft-lh at 1000 F. 

t 'Tests mude ut Crane Co. Results given in letter to Chief. Dix-iaion 1. .luau.t 7.  1944. 

not be available. Cobalt occurs ss  an accessory in the 
Canadian nickel ores but is usually not estra,cted be- 
cause of cost considerations. If stellite is to be used in 
large amounts for gun liners, attention inust be giren 
to an assured, large cobalt supply in wartime or a. 
large stockpile must be available. 

19.4 UTILIZATION OF STELLITE :NO. 21  
AS A LINER OR LINING MATICKIIIL 

19.4.1 Introduction 

In, order t,o i.nsure the most effective utili~nt~ion of 
thc rcnlarkable erosion-resistancc ant1 good ~nec,hsn- 
icLtl properties of Stellite No. 21, it \\-:is essential to 
evalnate thc v~~r ious  possit~le methods of fabri~at~ing 
this alloy rtnd of applying i t  to gun bores of va~ious 
sizes with respect; to the feasibility of t.he methocls 
and to the effects of variow factors on the perform- 
ance of machi~le gun barrels containing stellite liners. 

19.4.2 Casting Methods 

The first 1ine1.s of Stellite No. 21 t,est,ed \\-ere pre- 
pared in invest~nent, molcls. These investment- or prc- 
cision-castings have proved vcry satislactory find 
nearly one-hake of a million liner. castings \\-ere made 
for insertion in machine gun barrels of the type de- 
scribctl in Chapter 22. This casting method n-as ex- 
pcnsivc as c,onipared with certain ot,her ones, but the 
overall cost \\:as ln\~-, because these precision castings 
required a nlininlunl of grinding and machining oper- 
ation t,o colnplet,e a liner for insertion. 

Firing testsn0 11-erc perforn~cd on cnliber .50 mac,hine 
gull liners cast by the follo\ring methods: (1) green- 
sand-mold casting, (2) dry-sa,nd-mold cast,ing, (3) 
graphite-mold casting, and (4) centrifugal casting in 
refract,ory molds. When proper rnclting arid deorrids- 
tion tcchnicllics 1wr.e used and the rate of cooling of 
t,he ca,stings was controlled to approach thc s lo \~  rate 

characteristic of casting in ]lot in\-estinent-molds, 
liners prepared by dry sand casting and by centri- 
fugal casting in refrat:t,ory nlolds \\arc found to be 
eclu~~l in gun performance to those made by invest- 
II~I-:nt,-casting. Howt:.c.cr, both of the forlner types of 
casting, especially thc centrilugsl one, rec(uilbe con- 
sidcrably more grinding and machining to finish the 
lincrs for insertion. In  green sand ~nolds i t  \\-as diffi- 
cult to get sound castings, and gm,phite-mol(.l castings 
slio\vcd amuck greater "\\,ear" during firing tests than 
investment-castings. The centrifugal t,hermit,-c:l,sting 
niethodVo and other centrifugal melting tJet:hnic~~~csW" 
were heing studied but no liners nlade by thesc meth- 
ods were tested before terlninntion of thc cxpcrti- 
mental program. 

One important requirenlcnt for any stellite-liner 
casting is freedom from unsoundness. To inswe qual- 
ity and perforinancc, it \\-as Sound necessary to radio- 
gra,ph all liner aastings in two directions a t  right 
angles. Althoug'l-1 the soundness of castings could be 
detcrmirled Inore definitely when radiographed after 
rough turning and boring, i t  \$-:is found necessary in 
the interests of speed and economy of production to 
radiograph before machining. A st:ries of firing tests 
was conducted to correlate the appearance of the 
radiographs with firing perlormitnce. It has been de- 
finitely estnblishcd that ~.adiographically solmd cast- 
ings insure satisfactory firing performance. In addi- 
t,ion, t,he effects of v:*ristions of core matel.ials and 
ch~~ngas in the technique of investlncnt casting were 
correlated with perfornlance on firing. A11 of these 
studies insured the reliability of liner performance in 
Service weapons. In conclusion, it may be st,ated that 
investnlent casting was adopted as thc standard 
method of preparing St,ellite No. 21 because of a pre- 
viously well-est,ablisheci practice. It has been suffi- 
ciently well demonstratecl, however, that liners pre- 
pared from any radiographically sound casting per- 
form satisfactorily; thus, the selection of a casting 
method depends simply on economic considerations. 
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stellite was pouretl into a steel tube which was spun 
urit,il t he  stzllite had solidified.'" In addition, stud- 
iesY" were made ol ccnt,~.ifugal, tliermit incasting, but 
no liners for t,est wcrc: prepaaed by this rnet,hod bef0r.e 
terminat,ion of  the experimental program. 

C u ~ t - W ( < l d i n , ~ . ~  Molten stellite was pometl into the 
space bet,{\-een a heater1 steel tube and a ceramic or 
othcr core. 

Va,czi;m,m I n c ~ r t i n q . ~ ~  Molten stellite was slicked up 
or down int,o t,he cvacuated space betwen a steel tube 
and a ceramic or othcr core. A diagram cf the mold 
mranged for do~rm-sucking is shown as Figure G. 

Torch D e p o s i t i ~ n . ~ ~  A stellite surface was applied as 
a bore surface on two halves of a flanged, steel cal- 
ibcr .50 liner by torch deposition using an oxyacet,y- 
lcne melding torch. The behavior of the riietal nntl 
bond during firing \\-as excellent. Torch depositiori is 
not practical for small bores such as caliber .50 but 
shows much promise for lining large gun tubes. 

Three proccsses of torch depositdon \\-(:re st,udied; 
in t~vo, \\[elding was done with ~xyacet~ylene and 
atomic-hydrogcn torches, and tkle third employed a 
metallic arc. The atomic-hydrogen-torch welding 
process appears to be the most practical rncthod of 
lining large-calihcr gun tubes because ol thc possibil- 
ity of automatic or semi-automatic application. The 
oxynct?t,ylene-t,orch mcthoci must be considered un- 
suitable until a flux is developed which will permit :L 
neut,ral Aanle adjustment to yield deposits free from 
pickup of ext:ess carbon. The mctallic-arc \velcling 
process appears promising, especie~lly as a means of 
repairing surface defect,s in stellite deposits. Studies 
of these pl'ocesscs should be continued. 

In it11 of the infusion or int:ast,ing methods care 11-as 
necessary to prevent serious aont,aminat,ion of the 
stcllite by st,eel, especially in t,liose inetllods 11-11ich in- 
volved pouring molt,en metal :dong a, steel surface or 
centlrifugal spinning of molten stellite a,gainst steel. 
The particular prok)lcms involved iri prepa.ring fi~ll- 
length linings are discussetl in Section 19.4.G, and the 
effcct* on performance of contamination by steel are 
disc~xsscd in Section :1.9.4.5. 

19.4.4 Other Me-thods of Applying Stellite 

The a,pplicat;ion of Stellite No. 21 to gun bores as 
cast liners has already 1)een described in Sec1;ion 
19.4.2, liners bored frcm forged rods in Section 19.3.7, 

composite lincrs or linings prepared by infusion, in- 
casting, or torch cleposition in Sectiori 19.4.3, and t>he 
p~ssihilit~ies of its :~pplication as seamless tubing or 
~veldcd tubing xnaile froin ~.ollc,d strip has been dis- 
cussed in Section 19.3.7. In addition to thr:se, three 

GAS I N L E T 7  

SPRING TO APPLY TEN 
TO MOLYBDENUM WlRE 

MOLYBDENUM WIRE 

THREADED PIPES 

SYELLITE LINE 

BARRE 

Fic w a ~  .r. Diagram ol I'urnsce assembly ready for 
progrcssive st,atic idusion of Stellitc. K\'o. 21. (This figurc 
has appeared as Figure 4 of 1 n R . C  Report A-41.7.) 

other ~net~hods of applying stellite linings or coa,tjngs 
to gun bores \yere explored as i'ollo~r-s: 

Sp~uyer l  C o n t i n , g ~ . ~ ~  St,ellit,e KO. 21 was applied to 
steel s~~rfaces by the rrse of a "sprfty-gun." The pro- 
duct,ion of tm adhere~it dcposit requircs a rough steel 
surface. In tlic of stccl t,ubes \\lith an internal 
diarrlcter of less thim 1?.4 in., spray ~i~ethods  were im- 
practical. lihen t,he best spray-coats of stellite showed 
1aminal;ion and porosity, and t,ensilc test speciinens 
cut from thick spray coats shou-ed zcro elongation 
and a strerlgth of less than 9,000 psi. The mechanical 
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properties of srrch deposits make them unsui.table its of st:mdard dj.mensions and frequcnt stoppages oc- 
borc-surface materials. Spraying might be used as a curred during firing. 
mcthotl of applying a Isyer of stellite prior to an in- 
lusion or t,orch-welding process. NITRIDISG 

Coati~igs by T h e ~ ~ n a l  B n : p l ~ s i o n . ~ ~  Metal can be 
vaporized by heat :tnd smch vapor can bc deposited During the r t~earch  progritnl to improve further 
to form a coating. Stellite wires were exploded in a the barrel c~nt~trining a stellite liner by chromium- 
vacuum by an electrical discharge and thc rnettll WLS plating the stmeel bore ahead of the liner, which is the 
deposit,ed on the wdls of a steel tubc. Thc rate of de- 
position was extremely slolv and the coating 1b-a~ un- 
satisfac1;ory unless its adherence IV-LLS inlproved by a 
cliffusion treatment. The process is expensive and 
thoroughly imprat:tic.nl. 

Electroplatiny n r ~ d  L)ifl~:rrsioa.@ I t  is possible to apply 
t,he component ructals of Stellite KO. 21, in the form 
of :i series of thin clcc,t8rodeposits and then convert 
these layers iat,o the alloy by a high-tempe~.at~lre dif- 
lusion process. Tt was found thrlt the plat'es could be CENTRALIZER 

applied :~ntl subsequently alloyed. Thcse experiments 
\\,ere rlot wrried along far enough to est3iul~at3e t,he STEEL HOLDER 

FOR CENTRALIZER commercial fe:tsibilit,p of such a method. 

19.4.5 %fL'ect& of METAL HOT TOP 

Various Factors on Performance 

h11 extensive series of firing tp,.st,ssO 1va.s conducted ALSIHAG TUBE 

on si;cllitc-lined caliber .50 aircrdt machine gun bar- 
rels in orderb to cvhluake the impcsrtnncc of t,he va,rious 
factors which corltrol t,he performance of this ba.rre1 
11-ith a breech lincr of Stcllite XO. 21. In  addition to 
the evaluat,ion of the cffccts of casting methods and 
infusion, inca~t~ing, :*nd torch deposition methods :I]- 
ready desr:ribed in Sect,io~ls 10.4.2 and 19.4.3, the 
effect,s of tklc fo1lo11-ing a,ddit,ional factors n-ere st,udiecl. 

H - ~ R D N ~ S S  

The effects of variations in hardness in reguhr, 
$in. investlncnt-cast liners was st'udicd. Two t,hou- 
sand liners were checkccl !or ha,rdness ancl with fen- 
crceptions were found to rrtnge in hardness from 20 to 
30 1toc:kmell C with an a.t+erage of 25.8. T\vo liners 
wit11 tllc lonrest 11:lrdness ancl t,~vo with the highest 
were sclected for test, and perfor1nnnt:e was compar- 
able to that of liners of normal hardness. 
R study of l ine~s with work-hardened borcs was in 

progress, but the esperirncnts were not coniplcted be- 
fore tcrrxiination of the program. - 

Liners with hardcncd bores produced by the draw- 
F ~ C U H E  6. \[old for v:wuum illcasting OF St;elljte No. rifling processes 1 3 j  n-ere subjected to firing tests. The al+ (TIliS ap,lcu.cd xDRC 

rcsnlts 11-ere inconclusive 1)ccause the rifling n-as not Hepo1.1; d-4,18.) 
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subject of Chapter 24, nitriding of the stccl bore prior 
to plating was tried. To simplify the procedure thc 
nitriding was performed with thc stellite liner in 
pltlcc. Nitriding had little, if any, effect on Stellitc No. 
21 and when barrels containing stellite liners were 
nitrided and fired, no difference in periormanccnl was 
noted as compared with regular stellite-lined barrels 

Early in the program it was felt that the presence 
of eutcctoid at  the grain boundaries oi stellite might 
be a source of weakness. This material might suff'er 
preferential melting or attack and cause cracking of 
the bore surface. Several lincrs were decarburizedsn 
at  1175 C for 5 hr in dry hydrogen. All of these lincrs 
gave inlerior perf orinancc rvcept one which had been 
decarburized before machining. This liner gave pcr- 
formance comp:~rsble to regular stellite-lined barrels. 

Since much higher strength and hardness and 
equivalent ductilit,~ and better impact resistance 
were obtained in laboratory tests on metal mechan- 
ically worked by rolling or forging, as compared with 
cast metal, two caliber .50 liners werc prcpared by 
boring cast rods which had been forged to the extent 
that the diameter was decreased from 2 in. to 1 in. 
Firing tests on these liners sho\vpcl pcrformance equal 
to but not superior to that obtained with regular 
investment-cast liners. 

Firing tests on stellites other than No. 21, which 
are described later (Scction 19.6), indicated that the 
chemical composi1;ion of the liner alloy was am im- 
portant factor in determining pcrformance. To insure 
reliability of performance, exploratory studies of thc 
eflects of varying carbon contents, varying iron con- 
tents, and varying molybdenu.m, iron, and carbon 
contents of Stellite No. 21, were made. 
h series of investment~cast liners was prepared 

with carbon contents varying by stcps from 0.08 to 
0.5S%. Two liners of each aomposition were subjected 
to firing tests. The normal carbon content of Stellite 
No. 21 is 0.20 to 0.35y0. The firing tests showed that 
liners with the normal range of carbon content per- 
formed in a very satisfactory manner and that the 
percentage could be increased to as much as 0.58 

without any impairment in performance. When, how- 
ever, the carbon was as low as 0.08%, performance 
was distinctly inferior. 

The effcct of replacing some of the cobalt mith iron 
and thus increasing the iron content beyond the 
specified maximum of 2.5y0 was of interest because 
of a critical shortage of pure chromium, which might 
require the use of ferrochromium in the production of 
liner castings, and because increased iron content 
through pickup from steel is often obtained during 
the infusion, incastling, and torch deposition methods 
already described in Section 19.4.3. Firing tests on 
investment-cast liners prepared with and without 
fcrrocliromium and with iron contents varying by 
steps from 3.3 to 20.15% showed that the maximum 
iron content that can be tolerated without seriously 
affecting pcrformance is about 7%. 

A few exploratory experiments were made in which 
two of thc constituents were increased and the cobalt 
decreased. Firing tests on investment-cast, liners with 
the percentages of the constituents varied as follo\vs : 

8.60% Fe and 8.W% Mo 
9.85% Fe and 0.47% C 
7.10% Fc and 0.413% C 

showed, respectively, equal, decidedly inferior, and 
slightly inferior performance as compared with regu- 
lar liners of Stellit,e No. 21. 

A systemat,ic study was made of the effect ol heat 
treatments on the physical properties, microstruc- 
tures, and firing performance of both investment-cast, 
and sand-cast Stellite No. 21. All the tensile proper- 
ties, hot-hardness, and microstructure can be varied 
by heat-treat~nent witthin a rather wide range. A 
given sample can be made ductile with a relnt,ively 
low hardness, while another can be made very hard 
with relatively low ductilitty and impact resistance. 
There is no significant difference in physical proper- 
ties of the metul whether prepared by investment- or 
sand-casting rnethods. 

A series of investment,-cast liners was subjected to 
sclected heat ttreatmerlts based on the above observa- 
tions and subjected to firing tests. None of thc heat 
treatments irnproved the performance over that of 
the as-cast material. Some heat treatments h i~d  no 
elfect while others definitely reduced the perfonnance. 

One important observation mas that w-hen an in- 
vestment-casting was subject,ed to the heat-treat- 
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ment normslly given to gun steel (oil quenching from 
1550 F and draning at  1000 I?), there \I-as no effect 
on its performance. Thus, co~nposite Stellite KO. 21- 
steel assemblies made by infusion or incasting (see 
Section 19.4.3) can be heat-treatcd to develop the 
dcsired properties in the stccl without impairing in 
any way the perforrliancc of the stellite. 

Firing tests of investment-cast liners of Stellite No. 
21. that had been heat-trentetl to  develop n rnasirnurn 
and a minimum amount of the pearlitic structure 
showecl that neither of these heat treattments was 
advantageous. 

Tn the prepa~at~jon of cast-~tellit~e liners for inser- 
tion in steel machine gun bar.1.els on a production 
basis, it is desirable to allow as large tolerances as pos- 
sible on the amount of interference between the liner 
anrl barrel recess for a shrink-fit. Too slllall an inter- 
lerance may allow the liner to rotl~t,e during firing, 
while too large an interference nlny cause both exces- 
sivt: bore-constriction (luring firing :~nd difficulties in 
:tsscmbly. Firing tests established a rnaxin~uin dia- 
metrical interference of 0.001 in. on the portion of the 
liner with sniall diamctcr. This may be incrcascd to 
0.002 in. on the shoulder or flange of the liner. 

There was some evidence that the immersion of 
liners in liquid nitrogen (either before or after mschin- 
ing orh in the process oS insertion) slightly enharlccd 
the perforniance and that liners i~iserted by l ~ e a t ~ h g  
the barrel only, without cooling the liners, gave 
somewhat inferior performance. This t(:ntatix-e con- 
clusion ahould be checked X)y illore aomparison-fir- 
ing data. 

enhances the pcrforlnance of the inachirle gun barrel. 
Tliis ~onlbinat~ion of a 9-in. liner \vit,h plate :tnd its 
Servicc applications are described later in Chapter 
2-4. Studica w-ere made of the perforirlancc of bar1.els 
nit,h 4-in., Gin., and '3-in. liners of Stellitc No. 21 
with tapered (choke-n~uzxle) chromi~rrn-plate ahead 
of the liner. Ra.rrels \~-it,h a +in. liner plus the plate 
were equivslent in performance to barrels \vit,h :1, 
9-in. lincr \~i thout  plate; those with 6-in. lirlcrs 
plus plrlte \\-ere son~en-hat superior to the latter; 
and thosc with 9-in. liners plus plate were very much 
superior. 

Attention should be oallptl a t  this time to the fact 
that, in order to gct full t)encfit froni s short erosion- 
resistant liner of Stellite KO. 21 with or \\+ithout an 
erosion-resistant plate (chromium plate) ahead of the 
liner, the barrel 1'1-eight should, be incl.eased, t'he coa- 
tour (distribution of steel). should be changed, and 
the composition of the ha]-re1 steel should be changed. 
Thesc matters :Ire taken up fully in Chapter 24. 

The %-in. \\-all thickrlcss n-as selected for the liners 
on the basis ol' the strengLh of the liner and it,s resist- 
ance to delormation during handling and during the 
various grinding, machining, boring arid rifling oper- 
ations neccssftry to prepare a liner casting for inser- 
tion. With considerable care i t  was possible to prepare 
tu-o liners with a %-in. wall thickness. Their firing 
perl'ormance was entirely comparable t,o i.egular 
liners with %-in. walls. This result is of considerable 
interest in connection with the perlormance of shellite 
when applied to gun bores as thin linings by infusion, 
incasting, or torch deposition. 

lVunplutetl Sbcel A/i,eurr! ql' Liner. Six-inch, nine-inch, 
and twelve-inch (overall length) liners were subjectled 
to firing tests in caliber .50 aircraft m:ichine gun bar- 
rels. Severe erosion of the steel bore ahead of a G-in. 
liner oocurred and seriously affeotetl pcrforn~tlnce. 
r , Ihe 12-in. liner was unsntisf:tctory because of a clitn- 
gerous \veakening of the barrel near the forward joint 
after a gap had been produced by a slight shrinkage 
in liner length during firing. The <)-in. liner gave very 
satislactory performance. Thc problems ol full length 
liners are discussed later in Section 19.4.6. 

Plated Steel Ahea,d o j  L in~r .  Chromi~~in-platiilg of 
the steel bore ahead of a ~t~ellite liner considerably 

If a bore surface of Stellit,(< S o .  21 11-it8h its excelleilt 
resistancr to thc s\vaging impact of projectiles could 
be protected from surface melting, it might be pos- 
sible to extend the useful range of application of stel- 
lite t,o hvpervelocity conditions with t,he resulta,nt 
high bore-surface teml>eratures. Attempts wcrc made 
i;o protect stellitc 1:)ore. s1.1rfaces \vil;h deposits of the 
high-melting, erosion-resistant metals ch~~nrnium, 
molybdenum: and tjungstlen. X number of investment- 
onst caliber .50 liners were rifled oversizc to allow for 
silch coati~lgs, and :ittempts \\,ere rnade to apply 
sa,tisfact;ory  deposit,^ of chromium by electroplating 
and of tungsten and molybclenum by pyrolyttic plat- 
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ing, as described in Chapter 21. Electroplated chro- 
mium was poorly adherent on stellite surfaces and no 
firing tests were made. Diffusion bonding to increase 
adherence of this plate should be studied. I'yrolytic 
coatings ol tungsten and rnolybdenuln on stellite 
liners were subjected to firing tests and were unable 
to withstand even n mild schedule without spalling 
and deformation. 

1 9 . 4 * V ~ e p a r a t i o n  and Testing of 
Full-Length Jiners or Linings 

Calibcr .50 aircraft machine gun barrels with par- 
tial length and full-length linings of Stellite No. 21 
were prepared by the method of progressivc static in- 
fusion.89 This method provides barrel blanks with 
partial or full-length linings ready for finishing as one- 
piece barrels and eliminates liner insertion and the 
necessity of the retaining nut behind the liner a t  the 
breech end of the barrel,. Particular problelns were 
encountered in the preparation of satisfacttory full- 
length linings. Troi~blesome coring problems were en- 
countered and solved. Preliminary cost analysis stud- 
ies indicated that i t  should be possible to manufac- 
ture such barrels a t  substantially lower costs than 
barrels with inserted %in. liners.126 

When barrels were completed and subjected to fir- 
ing testsBU i t  was found that, unless the stellite lining 
was of very uniform thickness and wafi perfectly con- 
centric with the outside diameter of the steel barrel 
wall, the shot-pattern moved off the target during fir- 
ing owing to the bimetallic effect and to reversible 
warping of the composite barrel as a result of beating 
during firing. Even when the lining was of uniform 
thickness and concentric, and dispersion was normal, 
performance was only equivalent to that of barrels 
with 9-in. long, investment-cast stellite liners inserted 
on a shrink-fit, and was inferior to that obtained with 
barrels containing a 9-in. liner plus tapered (choke- 
muzzle) chromium plate ahead of the liner. 

A 13-lb caliber .50 aircraft machine gun barrel 
was recessed to receive a nearly full-length bore- 
surface of Stellitc No. 21 by inserting three invest- 
ment-ihast The stellite extended to uithin 1- 
in. of the muasle; thc forward two liners had no 
flanged shouhlers. During the firing tcst, one of the 

fonr~ard liners rotated and a 0.25-in. wparatioa oc- 
curred between the forward t,wo liners as a result of 
shrinkages in length during firing. There mas no ten- 
dency for the shot-pattern to nlovc off thc target as 
with some of the full-length, infused linings prcviously 
dcscribcd. Ovcrall performance was unsntisl:act,ory. 

Towards the close of the esperimental program it, 
was possible t,o produce full-lengt,h liners of Stellite 
No. 21 which could be shrunk into standard or special 
caliber .50 ~ t i r ~ r ~ t f t  machine gun barrels. They were 
prepared by a proccss of remelting a stacked series of 
short, tubular fillers of investment-cast stellite within 
an inductively hcated, refractory-lined, graphite 
tube." One of these liners before machining is shown 
here as Figure 7. Stress-relieving treatments, machin- 
ing procedures which mould preserve the straightness 
and concentricity of the liners, and a proper insertion 
procedure were developed. Two barrels with these 
li.ners were ready for firing tests, which were not 
carried out,, however, because of the terminatio11 of 
the esperilnent~~l program. 

19.5 APPLICATJON OF L I NI< RS 0 R LINlNGS 
OF STEJAT,TTE NO. 21 TO GUNS 

19*S.1 Improved Machine Gun Barrels 

Experience of aircraft combat during the war in- 
dicated that erosion was limiting the performance of 
the caliber .50 aircraft machine gun. The application 
of short, breech liners of Stellite No. 21 to machine 
gun barrels led to remarkable increases in the length 
of life. Barrels containing stellite liners, the subject 
of Chapter 22, showcd outstanding performance un- 
der firing conditions so severe that unmodified steel 
barrels were unable to withstand them. 

Thc combination of the stellite liner \+it11 tapered 
(choke-muzzle) chromium plate ahend of the liner 
gave further outstanding improvement in perform- 
ance particularly when the wcight of thc barrel, con- 
tour (distribution of steel) and barrel steel compo- 
sitionwere adjusted to enable rnaxilnum utilization of 
the erosion resistance of the liner and plate. Thc 
types of barrels that wcrc thus modified and im- 
proved arc discussed in Chapter 24. 

When double-basc powder was used in some of the 
acceptance tests of improved caliber .50 aircraft bar- 
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a lfirge velocity drop after one long burst of fire. This 
alloy is very difficult to cast because of shrinkage in 
the mold and is gummy and difficult to  machine. 

19.' COBALT AND HIGH-COBA.J,T ALLOYS 
.AS LINERS 

In  vent-plug tests (Section 16.3.:1.) pure cobalt was 
slightly less resistant to powder-gas erosion (melting 
and chemical attack) than gun steel under the severe 
conditions of the %-in. vent test but under the m.ilder 
conditions of the %-in. vent test it was more resist- 
ant." This result was confirmed by a test of a short, 
rifled caliber .30 liner of pure, swaged cobalt (Section 
I.Ci.3.6). However, although i t  exhibited resistance to 
powder-gas erosion and good ductility, pure coball; 
h.ad insufficient hot-hardness to resist deform~tion of 
the rifling by swaging impact of the bullets.s9 

In an efYort to harden cobalt and if possik)l.e to 
increase its resistance to pov-der-gas erosion, binary 
cobalt alloys containing varying amounts of tungsten, 
molybdenum, or chromium were prepared as ingots 
and swaged into rods. These alloys eroded less than 
stellites in vent-plug tests.5y 

The alloy containing 93% cobalt and 7% tungsten 
showed excellcnt perforlnance when tested as a liner 
in the caliber .60 heavy machine gun barrel." Since 
these alloys contained more critical metal cobalt, 
were much more difficult to prepare than the easily 
cast Stellite No. 21, and showed no marked advantage 
in performance over the latter, their further develop- 
ment as liners was not pursued. 

'9.8 AJJ,OYS CONTAINING LESS COBALT 
THAN MOST STELLITES 

1g.8.1 Introduction 

During the course of the stellite-liner development, 
difficulties arosc because of tthe shortage of critical 
materids. Ordn~ntnce Department liaison officers urged 
l)ivisi.on I., NDRC, to develop substitutes for Stellite 
No. 21 mith less cobalt or if possible without any, in 
order to save the very critical cobalt, part of which 
was being obtained from the small stockpile accumu- 
lated for war purposes. Jn an attempt to ease the 
cot)alt situation, nickel-substituted stellites were 
tested with the unsatisfactory results already de- 
scribed in Section 19.6. In addition, a reconnaissance 
was made of a series of hot-hard alloys with less 
cobalt than Stellitc No. 21 or with no cobalt. The 

mclting points of thcse hot-hard alloys are all of the 
same order of magnitude :is the stellites. 

19.8.2 Hot-Hard Recon,naissance 

IRON, NICKRL, CHROMIUM, AND COBALT ALLOYS 

The data for lour groups of metals and alloys were 
examined to determine ~vhet~her they \vould be resist- 
ant to melting and chemical attack by hot pou,der 
gases, rcsistant to deformation of thc rifling by the 
swaging impact of the projet:tile, ancl suficientl y 
drlctile to resist di~int~egration by brittle failure. 

Iroa-Base A.lloys. High-iron alloys (80% or more of 
iron) show poor resistance to powder-gas erosion. In 
th.e case of gun steel, perfonnsnce is limited by a 
combination of chemical attack and flattening (swag- 
ing) of the rifling. With speaial steels or hot-hard, 
iron-base alloys or uith ordinary steel h.ardened by 
nitriding or by special hardening techniques, chem- 
ical erosion by powder gases is still a serious limita- 
tion on performance unless the bow surface is pro- 
tected by an erosion-resistant plating or coa.ting. 

Nickel-Ba,se Alloys. High-nickel alloys (80% or 
more of nickel), with the exception of binary nickel- 
ch,rornium alloys, show intergranular attack and dis- 
integration during firing. When the nickel-chromium 
alloys are hardened by alloying (for example, Inconel- 
type alloys) their resistance to powder-gas erosion is 
poor. 

Chrom,z'um-Rase Bl1ily.s. Pure chronlium and high- 
chromium alloys are very resistant to c,hcmical attack 
and melting. Rowevcr, most of these materials are 
too brittle for use as gun liners. Cert,ain chromium- 
base alloys, discussed in Chapter IT, have a high 
melting point (1.650 to 1700 C) and show excellent 
resistance to powder-gas erosion ancl very good hot- 
hardness. Some ol these alloys have sufioient diactil- 
ity to withstand the shock of firing. 

CobaBBuse A.1loy.s. Pure cobalt and cobalt-base 
alloys (like the stellites) have good hot-hardness and 
some of them 1l:lve sufficient ductility for satisfactory 
use as a gun liner. 

Few data wert: available on' the perjornlance of 
hardcned alloys that contain a11 four of the abovc 
metals. Many such alloys were lrnown to have excel- 
lent high-t~mpcrat~ure properties including hot-hard- 
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lless a,nd hot-strength \\.ith small to moderste duclil- TABU 5. Kominal composition of hot-hard alloys (and 
of Stellites KO. 21 and No. 27) used as caliber .50 lincrs ity. The extent of their resistance to r:hcmical attack in tests for erosion resistance. 

by powder gascs was not known. In order to evaluate 
the possibilities of these c~lloys, a reconnaissance Nominal composition* 
serics of hardened iron-nickel-cobalt-chromium alloys Kame Co Ni  Fc Cr Mo W Other 

was prepared snd tcsted as liners in the calibcr .50 stellite KO. 21t 62 2 2 28 G . . C 0.25 
aircraft machinc gun barrel."," The norninal com- 
position of the alloys subjected to firing tests is given 
in T:~ble 5. They are specific examples of the types 
briefly described in Section 10.4.10, where their po- 
tentialit,ies have been evaluated. Thc perf~rma~nce of 
none of thcsr: alloys was as good as that of invest- 
ment-cast Stellite xo. 21. 

One alloy containing no cobalt (TEw) sho\vcd 
scvelhe chemical athack by po\~-cler gases and s h o \ \ ~  
no pos~ibilit~ies. Anothcr alloy (Hastelloy C) contain- 
ing no cobalt \\-:ts resistant to powder-g:ts erosion and 
sho~l-s considerable promise. The Hast,c-:lloys have al- 
ready bcr:n discussed in Section l(i.4.9. The poor per- 
formance of some of the other alloys may have been 
caused by the poor condition of the specimen tested, 
on-ing either to inespcricnce in casting the particular 
alloy or to impropcr choice of hardness, \\*hick is 
dependent on the hcat treatment and carl)on con- 
tent. Thus the liner of N1.55 alloy that \\-as tested n7ss 
a poor sand-casting. 9 good, sound investment-cast- 
ing of this alloy with 0.25% carbon should be tested. 

One of thc most promising of this group of hot-hard 
alloys is Refractaloy No. 70.Y'1ie first liner \\-as bored 

S 816$ 45 20 3 20 4 4 Cb 4 
Stcllite No. 27t 32 32 2 28 5 . . C 0.40 
Refractnloy So .  705 30 20 15 20 8 4 

1557 20 20 30 20 3 3 Cb 4 
MTR 11 12 30 27 20 4 4 Ta 2 
R.cfractaloy No. 2s 15 40 13 20 5 4 Cb 3 
TEWII . . 30 40 20 4 4 Ta 2 
Hastelloy "C"t . . 58 6 15 1.7 4 
Haste1lo.y "A"t . .  60 20 . .  20 .. 

T-Iastelloy "B" t . .  66 6 . .  28 

*All low carbon (ils~lally O.lyo) unless other\\.ise stnterl: Mn and Si 
uaua.11y less than 1% each. 

t Haynce Stcllite Company. 
1 -4lle~t1eny Ludlum Stccl Corporation. 
: Wefitin~hoi~ac Kcseurch Laboratories. 
/I Spccial alloy similar to somc studicd in turbine blade reseurch pro- 

grarn.16' 

from a forged ttnd sge-hardened bar. It showed very 
good resistance to pov-der-gas erosion but crackcd 
during a second burst of 238 rounds after an initial 
burst of 350 rounds had been fired. Then ir~vest~n~ent- 
cast liners were prcpared and tested. They \Yere too 
soft and fsiled by swaging of the lands. The casting 
method should he perfected and heat t,reat,ment stud- 
ied to yield liners with optimum hot-hardness and 
ductility so that the erosion resistance can bc utilized. 



Chapter 20 

ELECTROPLATING, 
By William Blum. 

20.1 GENERAL PRINCIPLES 

T HIS CHAPTER is confined to thc application of 
electroplated coatings to gun borcs to rcsist ero- 

sion. Only incidental refercnccs arc made to the per- 
formance of the plated barrels, more details of which 
are given in Chapters 23 and 24. 

Experience and research have shown (Chapter IG) 
that, to resi,st erosion, the material of the bore surface 
should be resistant to chemical attack by the powder 
gases, have a melting point of a t  least 1400 C, have 
high strength, hardness, -and ductility at  elevat,ed 
temperatures, and have no abrupt volume changes 
with temperature. 

Because suitable metals are relativcly scarce and 
may. not be adaptable to the production of the cntirc 
gun tube, a "liner" or coating with the desired prop- 
erties is advantageous. Such a liner or coating may 
be produced mechanically, as for example, the molyb- 
denum and stellite liners (Chapters 18 and 19), by 
electrodeposition, by vaporiflation, by sputtering, or 
by chemical decomposition of a vaporized compound 
(Chapter 21.). 

20.1.2 Characteris-tics o:F 
Electrodeposited Coatings 

The advantagcs and limitations of clcctrodcposit,ed 
coatings to protect gun bores may be summarizcd as 
follows. 

It is possible to vary the propertics of the deposit 
by control of the conditions used in depositing a 
given metal. In the case of chromium plate the hard- 
ncss may range from 400 to 1000 MVn.Wthcr prop- 
erties such as tensile strength vary over similar 
ranges. On heating to high temperatures the deposits 
of a given metal tend to anneal and to reach uniform 
properties for that metal. By co-depositing two or 

National BIWC~II oC Stn,ndards, U. S: Department of Com- 
merce. 

" Microvickew number: Vicliers he,rdness determined with 
microhardness testing machine. 

more mctals to form an allojr, i t  is possible to modify 
still furthcr the properties ol electrodeposits. 

The thickness of the electrodeposits can be con- 
trolled by regulating the current density and the 
period of deposition. Thc deposit follo\vs closely the 
contour of the base metal, though the thickness is 
always less in the bottom of the grooves than on the 
top of the lands. The degree of this difference in 
thickness depends upon the throwing power ol the 
plating bath employed. Tn chromium plating, the 
thickness of the deposit on the lands may be 30 per. 
cent greaterthan that on the grooves since the chrom- 
ic acid plating bath has very poor throwing power. 
In'other plating baths the difl'erence is smaller. 

With chromium coatings up to 0.01. in. thicli, the 
resultant changes in contour are not important ex- 
cept in artillery bores. The relatively higher and more 
sharply cornered lands in these bores may cause an 
undesirable build-up of the deposit on the land corners. 

With great care and, in certain cases, with special 
procednres, a degree of adhesion csn be secured such 
that dctachment of the coating removes part of the 
underlying metal. As no quantitative tests of d h e -  
sion are directly applicable to coatings in gun barrels, 
firing tests must be used as a criterion. 

20.1*3Availability of Electrodeposited Metals 

Only a few metals approach in their properties 
those desired in gun bores, that is high melting points 
and high hardness and tensile strength a t  elevated 
temperat,ures. The principal ones thus fur considered 
for this purpose, as related in Section 16.1, are chro- 
mium, nickel, cobalt, molybdenum, tungsten and 
tantalum. Of these nlet,als only the first three can be 
readily clectrodepositcd in a pure state from aqueous 
solutjons. Available evidence indicates that i t  is not 
possible to electrodeposit pure tungsten or molyb- 
denum. 

l'rocesses have been described for the electrodepo- 
sition of pure tung~tcn~~"ut  later published data 
indicate that deposits reported as tungsten m-erc 
really alloys and contained at  least small amounts of 
other metals, such as iron, nickel, or cobalt,, that were 
present as impurities in the bath. By intentional ad- 
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ditions of such metals to baths of tungsten or molyb- 
denum it is possible to dcposit corresponding alloys. 

There are a few report,~ in the literature on proces- 
ses for the elect,rodeposition of purc ~nolylsdenurn but 
none of thcse processes yields satisfactory metallic 
coatings. A preliminary attempt airned specifically 
a t  the preparation of a molybdenum-platcd gun bar- 
rel was also uns~iccessful because of poor adhesion of 
the molybclenum to steeLW 

There are numerous patents on the electrodeposi- 
tion of tantalum from fused salt baths. The metal 
obtained is usually in the form of a fine powder, 
m~suitahle t o  serve as a coat,ing. More recently some 
attempts havc been made n~ithout success to prcpa1.e 
an adherent coating from a fused batdh consisting of 
potassium fluoride, potassium tantalum fluoride, and 
tant,ulum oxide at  about 800 C.95 

20.2 CHROMIUM PLhT1NG 

20.2.1 Previous Experience 

More progress was made by Division I. in the ap- 
plication of chrorniurn than of other electroplntcs t30 
gun barrels, because somc of the properties of chro- 
mium approach those dcsired, rlnd there had bee11 
previous experience in the usc of chromium coatings 
to resist abrasion and corrosion.171 Early att)ernpts to 
apply i t  to  gun barrels to resist erosion uTere not very 
sllccessful. At the Washington Naviil Gun Factory 
during the 1930's chromium conkings less than 0.001 
in. thick were applied to the bores of large naval guns. 
These thin coatir~gs did not great,ly inc,reasc t,he use- 
ful life of these guns,8F but they no doubt furnished 
some protection against corrosion, especially by sea 
water. Sporadic tests'R5 by thc Army Ordnancc L)e- 
partment of gun barrels chromium plated commcr- 
cially, and studiesfll a t  Friinkford Arscnal on caliber 
.30 machine gun barrels, clid not indicate any out- 
standing improvement in gun life. 

At the beginning of the Division 1. program, Se~svicc 
guns were carefully examined in order t o  determine 
in what manner the chromium platte had fdlei." The 
conclusions drawn from these observations were 
strengthened by later studies of liners that had been 
fired in caliber .50 machine gun barrels in conneotion 
with the development of a technique for applying 
improved chromium pliite to barrels of this c a l i b ~ r . ~ ~  

The sequence of event,s in erosion of chromium- 
plat,ecl guns n-as found to be as fo1lo~-s. 3licroscopic 
cracks may be present in l,hc plate as deposited (Fig- 

ure I) ,  and, because chromium is relatively brittle, 
additional cracks form during firing. The hot po~vcler 
gases penetrate the cracks and react with the under- 
lying steel (Section 13.3) which has becn thermally 
altered (Section 13.2). d pocket ttype of erosion, 
shoxvn in Figure 1, takes place in the steel at  the rootjs 
of thr  cracks in the chromium. The plate on the 
surface thus undermined, sometimes together with 
adherent st,eel, begins to be chipped and torn off by 
the project,ile. This aotion is initiated most vigorously 
on thc band slope iind the adjact:nt edges of the 1a)nds. 

FIC~URF. 1 .  Surface of chrolnium plate showing micro- 
scopic cracks in thc mcl,al as depositcd: Unet,ched; IOOX. 
(This figure has appeared as Figure I in NDR.C R.c- 
port A-414.) 

Such erosion progresses for\\-art2 most rapidly on the 
tops of the lands, as illustrated in Figure 2. In the 
grooves, where contact with the projectile is slight, 
and on the charnbcr cylinder where no contact occurs, 
only nlinute chips of -chromium are renloved until 
corrosion along longitudinal cracks has greatly weak- 
ened the supporting stcel. Swaging of the steel (Sec- 
tion 13.4.2), \\"I-lich may take place bencath the chro- 
mium plate, accelerates the crwking, ~ndercutt~ing, 
spalling, and rnech:tnical removal of plate which has 
been cr~cked and pitt,ed.. 
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TABLE 1. Compositiorl and properties of electrolytic chrcmnlium deposited frorr~ a bath containing 250 g/1 CrO;, and 2.5 
g/l 604. 

-. .,,- - 

brtth. For essmple, for I-IC chromium, at 50 C, an 
initlid currcnt density of 1 anlp/dm2  as gradually 
increased to 20 nmp/dm\ while for LC chro~niu~n :kt, 
35 C, t,he current dcnsit)y :it the start mas 15 nmp/dm2 
and ~vt-ls increased to 80 nn1p/dm2. 

One prescnt limit:tt8ion of plating on stellits liners 
is that i t  is difficult to remove stellite uniformly by 
electropolishing. Until this is accomplished, it will be 
necessary to rnschi~ie liners oversize to allow for the 
thickness of r:hronlium to be deposited. 

Opcwting rcrnclitior~s 

Temp C,n.* C.E.7 
C (amp /'dm" ( .- 
43 25 17 
65 30 13 
75 50 12 
85 60 10 

100 $0 . . 
20 1j S 40 -.- 

20.2.3 Applications to Gun Barrels 

L)eposit, 

Oxide Contrrtc- Hardness (MVn iiverage vt41ues) 
content tionon As cle- Cooled after heating to: 

!'I/; Cr203) heating ( 0 j r g )  posited GO0 C 700 C 800 C '1,000 C 
-" 

1 .A 1.2 850 600 500 400 200 
. . .  . . .  . . .  0.7 0.5 800 . ~. 

. . .  ... 0.2 0.2 600 425f . . . 
. . .  0.2 0.2 500 350 300 200 
. . .  . . .  . . .  . . .  . . . 425 " .  . 
. . .  . . .  4.3 1.8 925 . . .  . . .  -- 

Both ttypes of chronliuln \\-ere npplied espcrirnent- 
ally to gun bwrels, chiefly to t,hc caliber 30,  by the 
National Bureau of Standards for Division 1. The3e 
experiments gave dircct information regarding the 
pcrf'onnanre of' t,he coatlings in small arms." Some 

* Ciirrer~t densit).. 
t Csthnrle cficieljoy. 
1: Mcasured x.ith linoop Jndcntor. 
8 Srom U. S. Bureau of Alines t r i~nlcnt  o l ro~n ion~  bath (ies Scction 20.4.1). 

sinlilar esperinlents were carried out at  Springfield 
Armory.86.XS 

In  plating the interior of a cylintler such as a Lun 
barrel, a concentric inside anode is uscd to obttlin 
approsinlately uniform distribution. of the deposit. 
Typical fittings used t,o center rind insulate the anode 
and to bring curreat to it and thc cathode (the barrel) 
are shon~r~ in Fig~lrcs 3 ant1 4. The longitudinal tlis- 
tribution of the depo$it is not usllally uniform for 
the case ~vhere thc only :igitsi;ion is the liquid flo\v 
caused by upward pumping action of gas rliscl-largc, 
because i t  varies ~~it11 the resistance of the anodc and, 
the surrounding solution as well as 11it~11 othcr lactors. 
By a suitablc choice of the metal and the dianleter of 
the anode i t  is possible to secure a widc range of 
di~t~ribution of tleposits in a gun barrel of a given 
caliber. 

Thus it has heen foundm"Ohat ui th a steel anode oi 
a givcn diameter, for esi~rnple x6 in. in a cslibcr .50 
barrel, and with the zlnodc connection at the top, the 

COPPER CONNECTOR 
BAR 

SARAN TUBING STEEL ANODENUT 
ANODE INSULAT lo  

SARAN INSULATOR 

I '  SARAN INSULATOR MUZZLE END / 
BREECH END 

I 
AND CENTERING PLUG / I T E E L  BREECH FITTING 

STEEL-MUZZLE F I T T I N G  
CIRCULATION MOLES 

Vrcun~ 3. liittings for clcctroplatir~g raliber .50 sircraft n,~:lchine gun l,:urel. ('l'llis figure has appeared ns Figure 1 
in NDRC 1tt:port -4-412.1 
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deposit is thicker at the top than at the bottom. This 
behavior, caused by the high resistanre of the st,eel 
anode, which reduces the current as it goes through 
the anodc and thus lowers the current density and 
the thickness of the plate at thc bottom, has been 
used to produce a tapered deposit and a desired 
"choke" near the muzzle of a caliber .50 aircraft 
rnachinc-gun barrel. The advantages of the choked 
muzzle are discussed in Section 23.1.4. 

that the increase in current efficiency at low current 
densities is greater than that, a t  higher current den- 
sities. Therefore with n steel anode, which produccs a 
lower currcnt density a t  thc bottom than a t  thc top 
of the barrel, the presence of trivdent chromium 
results in a higher current efficiency and hence rela- 

'tively highcr plating rate a t  the bottom than at the 
top of the barrel. 

The deposit taper, that is, thc ratio of the thicknt:ss 
a t  the top to that at the bottom of the bore, therefore 
decreases with increase in trivalent chromium con- 
centration. In the caliber .50 machine-gun barrel, 
plated with n %6-in. steel anode, this ratio is approx- 
imately 3.0 when the trivalcnt chromium concentra- 
tion is nearly zero, and is 1.5 when the trivalcnt 

CAST COPPER S P L I T  CLAMP TO BE 
chromium concentration is 1.5 g/l. The concentration 

ANODE HOOK USED INTERCHANGEABLY 
FOR SUSPEND~NG BARREL of trivalent chromium can be reduced by electrolysis 
FROM EITHER END 

of the solution in a separate operation with large 
anodes at a low current density and with small dummy 
cathodes, preferably surrounded by a porous pot. 

In most of the plating experiments at the National 
I 

- - 
Bureau of Standards the gun barrel with the assem- 

FIGURE 4. Rack for holding caliber .50 machine gun 
barrel during electroplating. (This figurc has appeared 
as Figurc 2 in NDlZC Report A-412.) 

With a copper anode, which has a lower rcsistance 
than the steel anode, the longitudinal distribution is 
more nearly uniform, and the lower cnd of the barrel 
may even receive a thicker deposit than the upper. 
There arc two factors which account for the latter 
type of uneven distribution. The temperature of the 
solution within the barrel is slightly higher at the top 
and this reduces the current efficiency. Thc gas 
bubbles formcd by the evolution of hydrogcn and 
oxygen accumulate a t  the top and increase the re- 
sistance of the solution, thus reducing the current nt 
this end of the barrel. 

Both the steel and copper anodes are plated with 
lead, or preferably an alloy of lead with about 10% 
of tin, to prevent attack of the metal of the anode 
and to foster the reoxidation of trivalent chromium 
in the bath. At the cathode surface, some of the chro- 
mic acid (hexavalent chromium) is partially reduced 
and forms trivalent chromium, which in turn is re- 
oxidized a t  the anode until some equilibrium concen- 
tration is reached. 

The concentration of trivalent chromium aff'ects 
thctaper of the deposit and hence must bc controlled. 
Thc cathodc efficiency increases with an increase 
in trivdent chromium concentration in such a may 

bled anode and fittings was immersed in a tank con- 
taining the plating solution that was maintained a t  
the specified temperature. Holes in the fittings per- 
mitted the circulation of the plating solution, induced 
by arisingstroam of gas, consisting of oxygen from the 
anode and hydrogen from the cathode. 

Much of the cxploratory plating was done on short 
steel breech liners, subsequently inserted into the 
heavy caliber .50 barrels used in rapid-fire tests at the 
Geophysical LaboratoryN at normal velocities and in 
other tests with the hypelvelocity erosion-testing gun 
(Section 11.2.1) at the Franklin I n ~ t i t u t e . ~ V h e  LC 
chromium gave approximately 23 per cent greater 
in.crease in the life of the barrel fired at normal veloci- 
ties than did the HC chromium, but conversely, in 
the aircraft barrels, the HC was superior. This differ- 
ence illustrates the variation in the nature and degree 
of erosion in barrels fired under different schedules or 
having different construct~ion and operation. 

The production of a tapered deposit by means of a, 
steel anode as described above, led to a muzzle choke 
t,hat greatly increased the accuracy life of the aircraft 
barrels as det,ailed in Chapter 23. The HC chromium 
prevented erosion a t  the muzzle and hence preserved 
the restrictcd diameter. 

If more than 0.00:1 in. of chromium is to be applied, 
especially at the origin of rifling, it  is necessary to  
remove sufficient steel to makc room for the chro- 
mium. In p-oduction of new barrels for plating, this 
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might be accomplished by reaming and rifling to 
oversize diameters. Before plating barrels of standard 
dimensions steel \\:as removed by "electropolishing" 
(see outline in Scction 25.2.1). This processc was 
developed in recent years as a means of producing a 
bright surface on metals. It depends on the anodic 
solution of metal in a suitable electrolyte." 

The solution finally adopted for gun barrels con- 
sists of equal volumes of 96y0 sulfuric acid and 75% 
phosphoric acid. The polishing is conducted at  43 C 
(110 F) and an anodic current dens it,^^ 0127 amp/dm2 
(250 amp/ft". Thc barrel is made anodic, and a 
copper or steel rod, coated with lead-tin, is used as 
the cathode. The fittings are similar t,o those in Fig- 
ures 1. and 2. Tn addition to serving as a "taking off 
ttool," electropolishing rnav be beneficial in improving 
the surface co1lditio11 of the steel and fostering good 
adhesion of the deposits. Electropolishing is a neces- 
sary step in the preparation-of nitrided steel barrels, 
from which the outer brittle layer, approsimately 
0.001 in. thick, must be removed before plating in 
order to obtain good adhesion of the deposit. 

Nitn-ded Barrels. Firing tests of caliber .50 aircraft 
barrels that had been plated witth chromium directly 
on gim steel showed that failure of the chromium 
resulted in part from the swaging of t,hc underlying 
steel as described in Section 13.4.2. It was then de- 
cided to harden the bore surface by nitriding to give 
a bet,ter foundation for the chromium deposit. This 
resulted in a marked improvement that lcd to the 
adoption of the nitrided chromium plated aircraft 
barrcl by the War Departme~~t,  as described in Chap- 
ter 23. 

On thc basis of firing tests by the Geophysical 
Laboratory of several hundred nitrided barrels plated 
at  the Xational Bllreau of Standards, specifications 
were dra11-n up. These mere employed in a pilot plant 
at  the Doehlcr-Jarvis Corporatio~l in Grand R,apids, 
Michigan, and minor changes were made before pro- 
duction of plated barrels, described in Chapter 25, 
was undertaken in a larger unit b ~ .  that company. 
Thc bullet seat must be reamed out to 0.515 + 0.002 
in. before nitriding to lead to the specified fin:~1 di- 

mension. If this is not done, const,riction of the bullet 
seat ~vill result from swaging during firing and vi11 
cause jamming of the hullets. 

Thc exact methods and conditions for preparing 
and plating the barrels were not specified, but the 
follo~ving procedure \\-as recommended and generally 
followed. (The steps are described in more detail in 
Section 25.2.1. j 

1. Degrease. 
2. Decopper (if necessarjr), rinse, dry. 
3. Gauge. 
4. Electropolish to remove 0.001 to 0.002 in. of 

metal I\-ith &her end up. 
5. Rinse. 
6. Scrub with pumictc and inhibited hydroohloric 

acid or uith pumice and an alkaline cleaner. 
7. Dry. 
8. Oil (if to  be stored). 
9. Gauge. 

10. Degrease. 
11. Scrrrb \\ith pumice a>nd acid. 
12. Rinsc. 
13. Dry with patch. 
1.4. Etch anodically in chromic acid for 5 min. 
15. Plate with chromium, ni th muzzle end up, 

using a %-in. steel anode, at  50 C (122 F) and 20 
amp/dm2 (190 amp/'ft", for the calcu1al;ed time 
(about 4 hr). 

16. Rinse. 
17. Dry. 
18. Gauge. 
19. Oil for storage. 
Xtellite Lz?zer Barrels. When it was realized, as 

described in Section 24.1 .I, that aircraft br~rrels pro- 
vided \\-ith a stellite liner i~nd  chromium plate beyond 
the liner \\-ould yield better. service than the nitrided 
pl&ted barrels, development of this ('combination" 
barrel was undertaken and a specification was pre- 
pared based on plating and firing tests. The essential 
requirements mere as given in Table 2. 

T ~ B L E  2. Specifications nf finished dimensions for 
chromillm plat,c in caliber 50,  3fi in.  harrel with 9-in. 
stellite liner. 

Distar~ce from muzzle Ditlmeter 
(in.) (in.) 

0.5 crr 1.5 0.4920 f 0.0045 

An extensive hibliogrxphy on the subject in reference to 
10 0.4950 4- 0.0035 
15 

types of electrolytes is listed in a paper by %meskal."O 
0.4955 + 0.0035 

23 0.4990 + 0.0020 
Valuable information K:LS obtained iriformslljf k 0 ~ n  C. L. Thickness of dcposit at 23.5 in. iron1 muzzle: 0.0017 4 0.0007 in. 

Faust of Hettelle 3Iemorinl Instit,ute. 
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Sevcral methods were tried for plating liner-barrels. 
From the plaiing ~t~andpoint, deposition of chromium 
before liner insertion is preferable; but from the 
standpoint of production efficiency, plating xfter in- 
serting the lincr is better. The latt'er method proved 
difficult because the solutions tended to ent,er and be 
retained in the crack a t  the forward end of the 1i.ner 
and to ciLuse ctching of the liner. In the production 
plating of liner-barrels by the Doehler-Jarvis Corpor- 
kttion (Chwter 25),  a dummy steel liner was inserted 
in the barrel, which mas then electropolished and 
plated under the same conditions as full-length bar; 
rels. The dummy liner was counterbored at  the for- 
ward end to avoill deposition of a sharp edge of chro- 
1ni111n there. Further study is required to  define the 
best method of plating liner-barrels. 

Hcaoy Ba?*rels. Only 3, small number of the 45-inch 
caliber .50 barrels mas plated experimentally. ,Just as 
with the plated liners inserted in t,hesc barrels, a full- 
length deposit of LC chromium, about 0.006 in. thick 
a t  the origin, yielded the best results. I t  was not 
possible, however, to secure the desired longitudi- 
nally uniform deposit of LC chromium in these bar- 
rels by any variations in the anode size or composition. 

Use of a moving anode, regularly employed in 
chromium plating large naval guns wi.th HC chro- 
mium, yielded LC deposits with poor adhesion. Ap- 
parently the exposure of part of the bore to the 
chromic acid bath at  the higher temperature csused 
excessive passivity of the stteel so exposed. 

The best LC de,posits were obtained by "prlmp 
plating." With a well-conducting anode, such as of 
copper, silver, or duminum, any taper caused by the 
anode resistance is negligible. Any reverse tapcr, 
carlsed by u difference in the bubble concentrat'ion 
and temperature at  the two ends, is a,vvoided by pnmp- 
ing the solution through the bore at  a high ratc of 
flow. This procedure reduces the difference in bubble 
concentration and temperature :it the tw-o ends altd 
the higher pressure involved also reduces th.e bubble 
volume. The current efficiency is normal a t  a flow 
rate of 100 ft/min (30 m/min). By varying the Row 
ratc, the longitudinal clistribl~tion of the deposit can 
be cont,rolled to  give either a straight or a choked 
bore. 

To avoid passivatin.g the steel by the hot chromic 
acid during the change from the 50 C etching solution 
to the 85 C plating bath, the bore was plated, after 
etching, with about Q.0002 inch ot' HC chromium, 
followcd by the LC chromium without current inter- 
ruption. 

Firing tests on a small number of caliber .30 barrcls 
plated with HC chromium yielded results parallel to  
those with the caliber .50 aircraft barrels. A deposit 
about 0.0025 in. thiclr at  the origin and tapered to 
eflect a muzzle choke of about 0.006 in. in diameter 
produced a rlecidcd incrcase in life under a severe 
firing sched~le .~ '  A few-experiments with pump-plat- 
ing in caliber .30 barrels produced an LC deposit with 
satisfactory dimensions, but firing tests have not yet 
been made. 

A number of caliber .GO barrels were plated, princi- 
pally with HC chromium. Firing tests were most 
promising in barrels plated with from 0.005 to 0.010 
in. of .HC chromium for. several inches from the 
breech and with only 0.001 to 0.002 in. of platc from 
there to thc muzzle, which was not "choked" in these 
ba,rrels. The life of this caliber .GO barrcl is at  least 
doubled by this t,ype of deposit. More tests are 
planned, inch~ding barrels plated mit,h LC chromium. 

In one test of a 20-mm barrel plated with 0.0:I in. 
of I-IC chromium, thc barrel life was approximately 
doubled. The most favtjrable thickness and distribu- 
tion of chromium for this gun barrel have not yet 
bcen defined. 

Two hypervelocity 37-mrn gun barrcls, T47, de- 
scribed in Section 31.7, and the 37-mrn gun barrel 
used for tosts of the Fisa protector, described in Sec- 
tion 32.5, were plated at  the Washington Naval Gun 
Factory with the cooperation of the Nat,ional Bureau 
of Sttandards. Not enough data were obtained to 
warrant recommendations for the type or: thickness 
of chromium. 

Work done at  Battelle Memorial I n ~ t i t u t e ~ ' , " " ~ ~ ~  
on. 3'7-mm barrels indicates that, there is a, continuo~~s 
improvement in the pcrfornlance of such barrels 
platcd with HC chromium .with increase in deposit 
thiclrness up to 0.010 in. 

Parts of a 57/40-mm tapered-bore gun, a 4.7-in. re- 
coilless mortar and some 75-mm recoilless rifles were 
pl~ited at  t,he National Bureau of Standards and tested 
by different agencies. In general the chromium coat- 
ing mas beneficial, but the res~ltswr.enotsufficienLly 
numerous or consistent to warrant definite recom- 
mendations. 

As previously noted, most of the plating heretofore 
applied to large guns \YLLS less than 0.001 in. thiclr. 
During the past few years several large guns were 
'plated with up to 0.006 in. of IIC chromium by the 
Washington Navttl Gun Factory lor experimental 
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firing by the Briny O~dnunce Department,. In onc 
test,'l% plated 155-m,m barrel showed cscessive muz- 
zle erosion, and the chro~nium made no significant 
improvement. Thc data on this single test are incon- 
clusive. 

Whilc the work described in the foregoing p:tra- 
graphs \\'as being carried out in t,he Unitled States, 
efforts \yere also being made in Great Rrittain to irn- 
provc cllromiurn clcctroplates for application to gun 
barrels. :380,385,386 Attent,ioil J ~ a s  corlcentrated especia,l- 

ly on plating cdiber .50 mrtchinc-gun barrels,389,sg0,423 
wit,h results that compared favorably vit,h those 
achieved by Division 1. Gerrnan endea.vors in this 
field did not rcsult in much ixnpro~einent."0",~~ 

20.2.4 Duplex Coatings 

The important part played by cracks in the failure 
ol a (:bromium electroplate on the bore surface of a 
gun (Section 20.2.'1) led to the suggestion that im- 
proved pcdormaace might bc o1)tained by the use of 
an undercoat of some other, more ductile material. 
Duplex coatings consisting of chromimn deposited on 
t,op of various m:tterjals mere tested in the caliber .50 
crosion-testing gun (Section I I. .2.1). 

Simil:~r behavior was sl-lo\m by I-nlil plates of 
copper ttnd of nickel beneath a 1-mil chroinium p1:~te. 
The undercoat became plastic, \\-hereupon the en- 
graving stresses ruhbed the chro~nium plate off thc 
lands. The copper plate s~iccessfully sealed the bore 
surface f om attack by the pon-der gases, \\llereas t,he 
nickel plate cracked and permitted the poi\-der gases 
to rcach, the steel. A combinattion of a 1-rnil plate of 
nickel on a l-mil platme of copper undcr a 1-mil plat,c 
of chromium behaved in the same may as the nickel 
undercoat. 

In cxperirnents nith tthe crosion-testing gun, de- 
scribed in Section 31.5, i t  \\-as found that a thiclcness 
of chromium of at  least D mils on the lands \,as neces- 
sary to prevent therma.1 alteration of the underlfing 
gun steeLY7 A plate of this tthickness \vould presunl- 
ably reduce the softening of copper in a cluplez plate. 
The trittl of this combination had heen considered at  
one time, but was not carried out bccause of other 
more urgent tests. I t  might be \I-orth~vhile to malie a 
systematic study til thc effect of varying the pl'opor- 
tions of the copper ancl chromium layers in a duplex 
coating. 

An cven more promising type of undercoat for 
chromium plakc, is one of cobalt or of n cobalt-t,ung- 
sten alloy plate. Threc tcsts \\-ere made ol chromium- 

cobalt duplex coatings in the caliber .50 el-osion-test- 
ing gun. There wcrc 3 mils of chromium on T inils of 
cobalt. Excellent protection of the gun stt:cl su~~fncc 
against po~vder gas erosion \I-as reportetl,76177 but the 
cobalt mndercoat n-as s\~agec:l, and cventually the 
pls,tc \\-as removed from thc 1:mds for a short clist,ant:e 
abead of the origin of rifling. 

Cobalt-tungsten ,zlloy plates of the sort dcscribed 
in Section 20.4.2 arc considerably harder than pure 
cobalt. Therefore, duples plates were preparcd with, a 
'7-mil imdercoat of one of t'llese ftlloys (c'ontaining 
10% tilngst,en) undcr 2 mils of chronlium. Thesc du- 
p l e ~  platee (lid not lavt as long as those containing 
pure c,obftlt undercoats ; but this i*esult slionld noL he 
construed as fina,l. The dcvclopment of thcse alloy 
plat,es is still in :L very early stage, and hewe it is not 
certain that the part,icula,r ones tcst,ed representetl 
the best results possible. There is still the hope that 
it may be possible to devclop one of these alloy plat'es 
so that i t  \\:ill have just t,he right cornbinstion of 
properties to provide the pcrfect undercoat for chro- 
mium platc for.t,he surfact: of a gun bore. 

20.3 NTCKEL AND COBALT PLATlNG 

It is possible lo c1er:trodeposj.t nickel rind cobalt 
t,hat have n range of hardness from about, 100 to 
400 MVn. The nickel ancl cobalt 11-hicli havc been 
deposited in gun bores have appro~iniat~ely the same 
hardness as gun stmeel (280 t>o 320 PlYn). Therelore 
no apprecia1)le incrcitse in resistance to  ak)rnsion 01. to  
swaging should br: expect,ed throug-11 the use of a 
surface layer of nickel or cobalt. This ass~imption is 
I.)orne out for nickcl XI>- the esperiencr: of t,he British 
Armament Research D e p a r t n ~ e n t , " " ' ~ ~ ~ ~ ~ ~ ~  which 
niadc extensive tests on the use of nickel deposition 
to salvage \\~\;orn-out artillC>rJ: bsrrels,3i9138LsY" 1 -3~  
careful1.y dcfil~ed technic they secured gooti adhesion 
of heavy nickel deposits \vhich, :~ft,er having been 
machined :tnd rifletl, yielded about the same service 
as new gun-steel barrels. 

Cobi~lt may be deposited from bat,hs similar to 
t,liose used for nickel platling. T r e y  satisfactory depos- 
its of cobalt - ~ c r c  o'bt'nined from a sirriple solution con- 
taining 400 to 500 g/l of cobalt chloride, CoCL* !?H,O. 
The pH 11-as kept bet\\-een 3 and -3.5. At room t,ern- 
perature, a current density of 2 to 5 :tmp/din"vas 
usc:d. 

Good acLtlesion of the cobalt coatings on stmeel \\-as 
obtained by first etching the steel anodically in 70% 
HISO( for 2 rnin at  2.5 am.p/dm2. rl  '(strike" coating 
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of cobdt was applied for 3 min at  20 amp/dm2 in a 
solution containing about 100 g/l of cobalt chloride, 
kept at  a pH of 0.5 to 0.7 1vit)h IIC1. Plating was then 
conducted from the stronger solution above described. 

Electroplated cobalt is usually harder than the 
electroplated nickel commonly uscd. Nickel plate 
softens considerably after annealing a t  800 C whereas 
cobalt retains most of its initial hardness. 

Cobalt possesses bett,cr erosion resistance t h m  
nickel. The firing tests described in Sections 16.3.1 
and 16.4.9 huvc shown that nickel is likely to erode as 
a result of intcrgranular corrosion. 

A liner was plated with 0.005 in. of cobalt and 
tested in the calibcr .50 erosion-testing gun. (Section 
11.2.1). The adherence of t,hc cobalt was good, but 
its resistance to melting and to swaging was less than 
that of chromium.76 

20.4 A.LIAOY DEPOSITION 

A study ol the plating of alloys is warranted be- 
cause, as above noted, such metals as tungsten and 
molybdenu~n may be depositable only as alloys; 
moreovcr, by the codeposition of two metals in con- 
trolled proportions, certain desired properties may be 
obtained. While it is possible to co-deposit three or 
possibly more metals, tthe definition and cont,rol of 
such processes are much more complicated than for 
binary alloys. 

20.4.1 Chromium Alloys 

Bccause chromium has been found to improve the 
pcrfomance of gun barrels, cfforts were made to dc- 
posit alloys of chromium that might bc less brittle 
and have less tendency to  crack than pure chromium. 
It is possible to introduce such metals as iron, nickel 
and cobalt in the form of dichromates into the reg- 
ular chromic acid baths.4m Jt is difficult, however, to  
co-deposit more than a fem tenths of 1 pcr cent of 
nickel or cobalt with the chromium and more than a 
few per cent of i r ~ n ~ ~ l , ~ ~ % n d e r  the conditions for 
production of either HC or LC chromium. The rcsult- 
ant deposits have essentially the same properties as 
those of purc chromium deposited under the same 
conditions. 

Relatively soft chromium deposits at  85 C and 
21 arnp/dm"200 amp/ft a) were produced in England 
at  first with a low cathode efficiency. The efficiency 
was then increased by adding 25 g/l of iron or. 20 g/1 
of trivalent chromium to the bath. I t  is possihle to 

add as much as 45 g/l of iron, but such baths are 
unstrtklc. Besides increasing the cathode efficiency, 
addition of 25 g/l or more of iron widens the pennis- 
sible sulfate r~inge.~~4,4~'  

Y71iick d.eposits from the iron-chromic acid baths L L ~  

85 C are sounder, that is, less likely to spa11 or crack, 
then similar deposits from the chromic acid bath. It 
is not possible to state whether these differences in 
behavior result, directly from the small iron content 
of thc deposit,. 
' The slight difference in the properties of the plate 

f ro~n the alloy dichromate bath as compared with 
that from the chromic acid bath under similar con- 
ditions did not justify the use of such plating baths 
in the investigation at  the National Bm.eau of Stan- 
dards, since they are difficult to  prepare and some- 
what unstable a t  high concentrations. It was found 
that the current efficiency of the chromic acid bath 
can be more readily increased, particularly at  low 
current densitics, either by diluting the bath or by 
adding hydrofluoric acid instead of sulfuric acid. 
Neither of thcse baths hat; been used in the plating of 
gun barrels. If the physical and mechanical proper- 
ties of the deposits from these baths prove to be as 
good as those from the regular chromium baths, they 
should be tried in gun barrels. 

Alloys of chromium with as much tis 1% of tung- 
sten or molybdenum were obtained from chromic 
acid baths containing added tungstate or molybdate 
and fluorides or phosphates. The cathode efficiencies 
were very low. 

Effort,s were made to  co-deposit other metals with 
chromium from baths containing chromic or chro- 
11101ls salts.455 Recently the U. S. Bureau of Mines46"522 
developed a process of recovering chromium from its 
ores by electrolysis of a bath containing chromic and 
chromous salts and sodium sulfate a t  a pT-I of I..$. An 
insoluble anode was surrounded by a diaphragm. 
Efficiencies as high as 40 per cent were obtained, but 
the chromium deposits were dark and brittle and 
contained as much as 4y0 of chromic oxide. (See 
Table I..) I t  was not found possible to obtain any 
promising alloy deposits frorn baths of this type or 
from alkaline chromium bat'hs. 

Deposits consisting of cobalt with only I.% of 
chromium vere obtained from baths containing 100 
g/l of cobalt as sulfate, 50 g/l of chromium as chromic 
sulfate, and hydroxyacetic acid. The hardness of the 
deposit was somewhat higher than that of pure 
cobalt. 

From a bath containing tungstate, a ternary 
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deposit with about 1% of chromium, 5% of tung- 
sten, and the balance cobalt, was obtained. Further 
work is required to determine whet,her deposits of 
this type are practicablc and usrful for this purposc. 

20.4.2 Alloys Containilzg Tungsten 

Between 1930 and 1940 the Tungsten Electrode- 
posit Corporation patentled acidified baths contain- 
ing fluorides for the deposition of alloys of tungstcn 
with nickel or other metals."' Other investigators at  
the University of LVisconsi~i published rncthods for 
depositing tungsten alloys from both acid and alka- 
line baths.4H".'"4466.467,468 There are Russian publica- 
t,icms on deposition of these alloys from arrinloniacal 
bUthS.47!.473.1i4 

Experiment,sn4 at  the Kational Bureau of Stan- 
dmds did not find it possible to produce dense 
coherent nlloy deposits from any of the baths de- 
scribed above. I t  was then Sound possible to obtain 
satisfactory deposits from amrnoniacal solutions con- 
taining salts of hydrosy-orga~iic mids. 

A typical Bath for depositirlg alloys of cobalt and 
tungsten contains 25 gil of cobalt (as sulfate or chlo- 
r ide~,  10 g/l of ttungsten (as sodium tungstate), 400 
g/l of llochellesalt (sodii~mpotassiuilz tartrate) and 50 
g/l of ammonium chloride. The pH is adjustled with 
ammonium hydroxide to  8.5, and the bath is operated 
a t  90 to 100 C: and at  1 to 5 amp/dm2. 

Deposits containing from 10 t,o 35% ol tungsten 
:~nd the balance cobalt, nickel, or iron were obtained 
from bt~ths of this type. Deposits up to 0.05 in. thick 
were smooth and strong, but brittle. The most prom- 
ising alloys \\ere th,e col~alt-tungsten ones, the hard- 
ness of which, as deposited, ranges from 500 to 700 
MVn. The MVI~ of iron-tungsten alloys with 50% 
tungsten is from 700 tjo 1,000. 

When these alloys are heated to 600 C for an hgm. 
and cooled, their hardness increases by as much as 
100 MVn lor cobalt-tungsten or nickel-tungsten, and 
200 for iron-tungsten. Heating thcse alloys to 900 C 
or higher causes them to soften permanently. The 
cot~alt-tungsten alloys have hot-hardness values that 
are higher than those of chromium, and unlike chro- 
mium, they retain their hardness on cooling. 

I t  is difficult to obtain good adhesion of the cot)alt- 
turlgsten alloy directly to gun steel. The procedure 
finally adopted mas to plate a thin layer of cobalt on 
the steel, treat the cobalt iu the alloy bath with an 
alt,ernating current, and then deposit the alloy. De- 
posits thus applied to liners h:td fairly good adherence 

X)ut in firing tcsts they showed some flaking near the 
origin. On heating the plated liner to 900 or 1000 C, 
,the adherence ol the alloy was improved, and the 
deposit \\+as rcndcred more ductile. This heating: 
hoxl-ever, tends to crack the alloy laycr and to soften 
the gun steel. 

Liners pl>lt,ed wit.,h nickel-t,u~igsten and fired, in the 
caliber .50 erosion-testing gun suffered severe gas 
c r ~ s i o n . ~ " ~ ~  On thc other hand, liners plated with 
cobalt-tungsten shomed7%etter resistance to erosion 
than gun stcel but \~-erc inferior to  those plated with 
pure cobalt or chromium. The adhesion of the heat- 
treated alloy was bett,cr than that of chromium. 
There ]\-as less swa,ging of the lands with the cobalt- 
tungsten than with cobalt. Efforts are being made to 
obtain satisfactory adhesion of chromium to  the 
cobalt-tungsten alloy, in order to make possible du- 
plex plates of the sort described in Section 20.2.4. 

Much further work, including possible modifictt- 
tion of the gun steel, is rcquired to realize the full 
possibilities for alloys oC tungsten with cobalt or 
other metals. For ex:mple, it nlay be possible to 
produce by electyoforming on a suitable mold, liilers 
having an alloy stlrface and a body of another metal. 
Some exploratory tr ids gavc promising r e s~~ l t s .~ '  

20.4.3 Alloys Containing Molybd.enum 

Much less progress was made in the deposition of 
alloys of molybdenum. The most promising bath 
contains 1,000 g/l of potassium c:trbonate, 15 g/1 of 
cobalt as sulfate or chloride, and 100 g,/l of sodium 
molybdate. At n pH of 11, at  1.00 C and 1. to  5 
amp/d~r~" deposits containing up to 35% of molyb- 
denum are produced. They are as hard as the tung- 
sten alloy deposits and harden on heating but are not 
as strong as the tungsttn alloys. 

20.5 CONCLUSTONS AND 
RECOMMENDATIONS 

20.5.1 Chromium Deposits 

The successful application of HC chromium to 
caliber .50 aircraft barrels, either p~eviously nitxided 
(Chapter 23) or provided with ft stellite liner (Chap- 
ter 24), illustrates the need for study of each type of 
weapon and condition of service. More experience is 
required in the plating and firing of different small- 
caliber guns, including their examination to deter- 
nine the behavior of each coating a t  the breech and 
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muzzle, and the causes of failure. Such information 
may be valuable not alone in improving thc perform- 
ance of small, arms, but also in indicating the most 
promising materials for artillery, on which the firing 
tests are necessarily more restricted. Such correlaBion 
depends on more complete data on the temperatures, 
pressures, and erosivs conditions involved in each 
weapon. Such studies should include diffel.ent tgpcs 
and thicknesses of chromium, applied by methods 
that may change the adherence, dist~jbution or prop- 
erties of the deposits. 

20.5.2 Duplex Coatings - - 

The use of composite mctal coatings, for example, 
of cobalt or alloys followed by chromium, \~mr.rftnts 
furt>her study. 

20.5.3 A1 lop Deposi,ts 

The studies thus far conducted at  the National 
13mcau of Standards and elsewhere on the deposition, 
of alloys of t,ungsten or molybdenum with iron, 
nickel, or coba'lt,, are e~plorat~ory and valuable in 
showing that such alloys can I-)c deposited in a dense 
form and that they possess a wide varietv of proper- 
ties. Much more research is required to define and 
control favorable conditions for their application to 
g.un bores. They are Inore likely to provc useful in 
large tl~arl in sln~all guns, because, in thc latter, liners 

of stdlite or molybdenum can be inserted. Alloy 
liners may possibly be produced by elect,roforming. 

20.5.4 Properties of Electrodeposits 

Much intensive study is required on the properties 
of electrodeposited metds and alloys, including the 
hardness a t  room and elevated temperi~turcs, and 
after having been heated ; tensilc strength, ductility, 
elastic properties, cocfficient of expansion (including 
permanent espansi.on or con.tlraction) and resistance 
to chemical attack by air, watw, or powder gases. 
The existing dlLf,:t 011 well-kno\vn metals, stzch as 
chromium, nickel, and cobalt, arc Sragmentary and in 
some cases contradictory. Acqilisition of more reli- 
able data, shollld lcitd to more successful applications 
of deposited metals and alloys for both rni1it;ary and 
industrial purposes. 

Properties of Steel. 

Further studies on the properties of the steels uscd 
in gun barrels are necessary in order to pe~.rni.t the 
lull possibilities of' electrodeposited coatings or liners 
to be realized, as is brought out in Section 24.5. Tile 
composjtjon and properties of the steel Inay afTect the 
adhesion and performance oS the coating and may 
determine what steps, such as het~t trcatment,, may 
be used to improve the properties or adhesion of thc 
coatings. 



Chapter 21 

VAPOR-PHASE PLATING OF MOLYBDENUM, TUN-GSTEN, 

AND CHROMIUM" 

21.1 INTRO'DUCTION 

21.1.1 New Method oI Plating Refractory 
Metals 

OLYUDKNUM, TUSGSTEN, 4PU'D CHROMIUM h a v ~  
rhlv desirable erosion-resistant properties. M., 

This was demonstrated by tests described in Cha,p- 
ters 16, 17, and 18. The supply of thesc ~nt:tals, which 
i5 lirnite,d in nor~rlal times, is especially short in war 
timc because of other large demands of high priority. 
For this reason i t  was espcclient to consider their 
application t,o gun-bore surfaccs as thin plates. Mom- 
over, massive molybdenum rccluires a large amount 
of mechanical \\.orking to provide n suitable liner 
material, necessitating the elaborate ~ ind  espensive 
equipment described in Chaptcr 18; massive tungsten 
is virtually unworkable; and massive chromiurn is 
brittle, which was learned from the experiments de- 
scribed in Chapter 17. 

Thin co:~t,s of met,als are ordinarily applierl by elec- 
troplating. Experiments in applying clectrol>lates of 
these rnctals arc descril-led in Chapter 20. Chronlium 
has proved very successful when applied to stcel bore 
surfs,ces, but ~at~isfactorv clc:otroplat,es of rnolyb- 
dcnunl and tungsten have not yet bccn prepal.ec1. 
Chromium electroplates, however, do not adhere to 
the surface of stellitc or alloys of this typc. These 
alloys, as statled in Chaptcr 19, have comparrttively 
low melting points, henc,e ihcir use as erosion resist,- 
ant liners is some\\-hat limited by the temperature 
conditions to bc mt:t in firing. The application of a 
material of higher melting point,, such as molybdenum 
or chromium, to stellitc liners nlay estend thcir use- 
fulness. This use nece~sitat~cs the clevelopmerlt of a 
method for applying adherent coatings of t)hesc 
metals tto stellite. 

This chs.pter has been based ent,il.dy on foilr Division 1 
formal  report^,^:^.^-'*"^."' to which reference is m:~de for further 
details. 

b Geophysical :Lnboratory, C:~~ncgie Institution ol ST;ast~ing- 
t,on. (Prescnt udt1r:ees: U.  S. Geologicd Survey, IVashingtorl, 
D.C.) 

I t  mas thoughl; both possible and practical to pre- 
pare adherent (to stcel or stellit,e) thin plates of 
molybdenum, tungsten, and chromium by thermal 
decomposition of the vapors of their respective 
carbonyls. To this process, which appears to be novel, 
the descriptive phrases "va,por-phase plating" and 
"pyrolytic plating" have been a,pplied. The former is 
suitablc bccause the metal plate is deposited by de- 
composi1;ion of 3, vapor, not from solut io~~; the h t te r  
because the vapor is dcconlposed by heat. 

Certain of thc so-called ('he~ivvy rnet,als," not,a'bly 
iron, nickel, cobalt,, t,ungst,en, molybdenum, chromi- 
um, and the platinum met:&, have the property of 
combining readily 11-itth carbon monoxide gas under 
appropriate corlditions t,o form reasorlably stable 
chemical compou~lds knoll-n as carbonyls. These have 
the general chcrr~icd fo~n1111& M(CO),, where M is 
the metal alld x is lour or grcater. The reaction be- 
t\~-een the metal and carbon monoxide takes place at  
an apprecia1:)le rate only under limited ranges of tcm- 
perature and pressure, and these vary from metal to 
metal. Except for iron and nickel, these conditions are 
not readily obtained, and the other carbonyls are 
usually prepared by reaotion bet~vccn carbon rnonor- 
ide and an :tppmpri:~te compound of the meta>l. 

Thc carhonyls, \\-hen once formed, are stable only 
within definite, limited ranges of temperature and 
pressure. When t8he te~nperatu~u at s given pressure 
is raised beyond a specific point, the carbony1 tle- 
composcstto reform t,hg metal and carbon monoxide. 
;1 secondary reaction may also occur in which carbon 
and c~~rbon  clirxide are formed from the monoxide. 
The carbon thus released may be deposited on an ad- 
joining surface t,ogethcr vi th t,he metal reslllt,ing from 
t,he decomposition, or it may react, \vi.t,h i t  to form one 
or more carbides. This secondary ret~ction is ol con- 
siderable importance, aw \\-ill he seen in duc course. 
The amount of carbon or cqbitle formed may be 
varied by suitable alt,erat,ion of the experimental con- 
dit.ions. 
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The formation and decomposition of nickel car- 
bonyl is the basis of the well-known Mond process lor 
the manufacture of pure nickel. The formation and 
decomposition of iron carbonylc is employed on a lab- 
oratory scale for the preparation of small samples of 
highly pure iron for scientific purposes, and has lately 
been used for the preparation of pure iron in quanti- 
ties of several pounds a t  a time for the manufacture 
of iron articles by powder metallur'gy. 

21.1.3 Summary of Recent Progress 

The carbonyls of molybdenum, tungsten, and 
chromium have been known for some years. Surveys 
of the h t e r a t ~ r e ' " ~ " ~ ~  revealed that they have only 
been prepared on a laboratory scale and that no 
attempts havc been made hitherto to utilize either 
the metals or the carbonyls prepared by their de- 
composition. Improved methods for the preparation 
of molybdenum and chromium carbonyls have now 
been developed as describedin Sections 21.2 and 21.5, 
respectively. The considerable work carried out on 
the vapor-phase plating of molybdenum is summa- 
rized in Section 21.3. Only a preliminary investiga- 
tion on the preparation of turlgstcn carbonyl, the 
preparation of plates therefrom, and the properties of 
these plates has been made, .since molybdenum is 
more readily available. The use of cobalt plates pre- 
pared by this method has not been taken up because 
of the short supply of cobalt, and its higher priority 
use as an essential constituent of stellitc and similar 
alloys. 

None of the plates prepared was satisfactory for 
the bore surface of a gun, because the high tempcra- 
ture produced during firing weakened the bond be- 
tween thc plate and the underlying material. 

- The hardness of the plates that are obtained by the 
method of vapor-phase plating that has been devel- 
oped can be varied at  will. Hence, with a little fur- 
therinvestigation, they may have practical application 
for the hard-surfacing of metals for use where resjst- 
ance to mechanical wear with.out severe mechanical 
shock is involved. If considerably thiclrer plates of 
good adherence can be prepared, there is reasonable 
prospect of success in obtaining resistance to high 
temperatures. 

A detailed s k ~ d y  OF the reaction between carborr monoxide 
and iron was carricd o~itl* preliminary to investigations of the 
~iobsiblc importance of the formation of iron calbonyl in gun 
e1*osion."l6S This work iti summarized in Scotion 14.3. 

21*2 PREPARATI0:N' OF MOLYBDENUM 
CA.RBONYLw 

21.2.1 Formation of Molybdenum Carbo:n.yl 

The method which was developed for the prepara- 
tion of molybdenum carbon~l in amounts adequate 
for this program utilized the rcaction of carbon mon- 
oxide with a reactive form of molybdenum a t  high 
pressures. The use of metallic molybdenum as such is 
not practical, for, no matter how finely divided the 
metal may bc, it reacts too slowly with carbon mon- 
oxide. The reason for this is obscure, but is perhaps 
connected with the presence of a thin film of adsorbed 
oxygen, which effectively seals off the surface of the 
metal from reaction. 

The reactive form of molybdenum necessary for 
the reaction with carbon monoxide was produced in 
the reaction vessel by the reduction of molybdenum 
pcntachloridc by a suitable reagent, such ns metallic 
zinc, in the presence of a water-free solvent, such as 
cthcr. The two-step process for the formation ol car- 
bonyl may be represented by equations (I) and (2). 

2MoC15 + 5Zn -+ 2Mo (active) + 5ZnClz (I) 

Mo (active) + 6CO 4 Mo(C0)o. (2) 

The mechanism of this process and the exact course 
of the formation of the carbonyl have been the subject 
of considerable discussion in the chcmical literature, 
but the above reactions seem to fit the observed facts 
in as simple a way as possible. 

21.2.2 Preparation o:E 

Anhydrous Molybdenum Chloride 

Molybdenum chloride (MoCls), as was stated 
above, is one of the principal reagents in thc prcpara- 
tion of the carbonyl. Because this rcagcnt was not 
available in quantity, part of the investigation was 
perforce the working out of a method for the manu- 
facture of this compound in pound lots or largcr 
quantities. 

Jn the past, anhydrous molybdenum pentachlor- 
ide, thc only stable known chloride of this element, 
has been prepared in gram quantities hy t,hc reaction 
of a slow current of dry chlorine with finely powdered 
molybdenum metal, molybdenum oxidc (in this in- 
stance carbon tetrachloride vapor has sometimes 
been substitutcd in part for chlorine), or molyb- 
denum sulfide. The chlorine, which is diluted with an 
inert gas, is passed ovcr the powdered metal or corn- 
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FIGURE 5. Flo\\--sheet for the procluction of molyb- 
denum carbonyl. (Figure 14 in NDR.C R.cport; A422.) 

UNREACTEO 

carbonyl. An apparatus \\-:is developed whereby very 
pure hydrogen at  a lo\\- pressure passing over crystal- 
line molybdenum carbonyl held at  a constant tcm- 
perature slight,ly above room temperature carries 
molybclenurn carbonyl vapor into an electric furnace 
containing the object to be plated \&ch has bct:n 
uniformly heated to a predetcrmimd temperature. 
The caa.bon nlonoside formed by the reaction is re- 
lnovetl by pumping at  the entl of the platling chtmnlber. 

131at,ing may bc carried out in the :hence  of hydro- 
gen; ho~vever, there are important advantages in the 
use of this gas before plating and as a constituent of 
the plating gas. Heating in dry hydrogen before plat- 
ing can be efYecti\~e in removing oxiuidc films from the 
surfaces to be plated. 11s a con~t~ituent of the plating 
gas, hydrogen increases the flov- of carbonyl vi th 

€1 HER 

increase in partial pressurc of the latter. 
The addition of water to the plating gas is benefi- 

cial in some ca,ses, us is described later. In order to 
add water to the hydrogen of the plating gas, only a 
very simple modification in the apparatus is neces- 
sary. A by-pass makes it possible to admit dry hydro- 
gun instead of wet hydrogen to the carbonyl chamber. 

9 schematic diagram of the apparatus is shown in 
Figurc 6. The small circles on this diagram represent 
vacuum-tight valves; those I\-hich are marked with 
the letter N are needle valves used for adjustment of 
the hydrogen Row. In all cases the hydrogen must be 
very carefully purified, preferably by diffusion through 
palladium. The carbonyl vapor is released from its 
chamber a t  a constant rate, n-lich is determined by 
t,he temperature of the chamber and by the rate of 
flow of the dry or wet hydrogen. 

The platling chamber contains means for support- 
ing the specimen, for dirccting the plating gas to 
selected areas of the specimen if ncccssary, and for 
heating the specimen. The design of the chamber 
depends on the size and shape of the specimen to he 
p1:ited. When n gun liner (Section 21.3.4) was being 
plated, i t  was held fixed and a water-cooled carbonyl 
injector moved uniformly mithin it so that no increase 
in concentration of the rcaction products took place 
a.t any point. The plating chamber in this case was a 
quartz tube and the liner was heated by high-fre- 
quency induction. Injector and liner were mounted 
vertically. Chromel-alumel thermocouples attached 
to the liner enabled the operator to know its tempera- 
ture, %\-hich had to be carefully controlled. 

The pump, which is used to rcInove the products 
of the reaction, maintilins pressllre graaents in the 
carbonyl and plating chambers and also helps to 
regulate the pressure in the plating cha~nber. A 
McT,eod gauge is used to read, the pressl~re behind the 
injector or :it the plating chamber. The reaotiorz 
products, which are rc~novccl from t,he chamber by 
pumping, are collected in a liquid air trap, which is 
designated LA in Figure 6. 

Me, tn, t n  12 1 
-=I 

2'.3.2 Properties of Molybdenum Plates 

The properties of a molybdenum plate, of course, 
depend on the pl:tt,ing conditions. Yrhe-effects of cary- 
ing the procedure were studicd by means of test; 
specimens. Only after the plattes were found to have 
dcsirsble properties \$-as the procedure used for prac- 
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FIGURE 6. Schematic diagram of apparatus fol; vapor-phase plating of molybdenum. (Figure 5 in NDR.C R.eport A-4-21..) 

tical n.pplications. Most; of the experiments discussed 
here, therefore, are those that were carried out on 
test specimens. 

In a consideration of the properties of a coating or 
plate deposited on a metal by the thermal decomposi- 
tion of a carbonyl, distinction must be made between 
the properties of the coating itself and the nature of 
thc metal-to-plate bond, as with any other coating. 
In this section only the lormcr are considered. They 
include : 

Chemical composition and crystal structure of the 
plate; 

Mean crystal siac and preferred orientation, if any; 
Hardness; 
Mechanical strength; 
Texture, if plate is nonisotropic. 

The dominant reaction products formed by the 
dccomposit,iorl ol n~olybdeni~m carbonyl arc molyb- 
denum and carbon monosidc. As was stated in Sec- 
tlon 21.1.2, there are sccondary reactions which may 
take place depending on the plating conditions. The 
car.bon monoxide may decompose to yield carbon and 
ca~1)on dioxide. The carbon nlay react with the mo- 

lyl~denum to form a carbide or i t  may be deposited 
as interstitial carbon within the coating. The kind of 
plate produced thus depends on the factors which 
determine the course of the secondary reactions when 
the equilibrium is shifted. 

Plating experiments in which carbonyl vapor was 
the only gas admitted t o  the plating chamber showed 
how the composition of the platc that was depositled 
on an iron disk varied with the 1;emperature of the 
specimen and- the pressure of t,he carbon monoxide 
from the decomposition of the molybdenum carbonyl. 
The results are summarized in Table 1. The nature 
of the plates was determined from x-ray diflraction 
patterns obtained from the plated surface. Both car- 

TABLE 1. Nature of plates deposited from molgbdenuo) 
carbonyl vapor.. 

Plating J~ow carbon High carbon 
temp~mt,ure(C) monoxide pressure * monoxidc prebsure* 

200-300 Cubic carbide Cubic ce,rbide 
300-400 Cltbio carbide Cubic carbide 
400-500 hlolybdenum Cubic carbide 
500-800 Molybden~lm ~~exagona l  carbide - 

* Tho prcssnrc rangc from 0 to nbout 0.2 mm is dcscribed as "low carbon 
nl~onoxide preasure," and the range from about 0.2 to  about 10 nlm ILH 

"high carbon nlonovide pressure." 
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bides have the formula Mo2C. It was necessary to 
determine the enipirical formula in the case of the 
cubic carbide by chemical analyses, for this carbide 
of nlolybdenu~n had not previously bcen reported. 
Results of other experiments show that in all cases 
where any plate at  all is deposited, the carbon mon- 
oxide enters into the reaction t,o some extent, ; that is, 
all platrs carry either some carbide of molybclenum 
or some interstitial carbon deposited as such in the 
platc. 

The addition of hydrogen t,o the plating gas greatly 
assists in. reducing oxide coatings on thc metal, with 
a resultant te11dr:ncy to strengthen the bond. The 
addition of hydrog.cn does not tend to lower the car- 
bon content of the plate unless the ratio of hydrogen 
t,o carbon monoxide? is vcry large, as is sho\vn in Table 
2. The geometry and the temperature of the platling 
chamber have rnort: elfect in this respect. 

TABLE 2. Plating conditions at the ~ V I ~ I I ~ H I . ~  hetween 
molybdenum metal snd rubit, molybdpnum carbide, 
hydrogen present. 

Pletulg Partlid pressure Platc 
temperature (C) 132 (nun) CO (rn111) Formed - 

425 0.128 0.080 Cubic carlide 
400 0.180 0.054 Cubic cnrbicle 
32.5 0.950 0.026 Molybdenum 

At high ten~pernt~ures and at  high pressures of 
residual carbon monoxide arid of hydrogen, the mix- 
ture of molybdenum and molybdenum carbide forms 
an unattached, very finc, powdery layer in the cham- 
ber, due to dccomposition of molybdenum carbonvl 
in the gas phase. This tendency sets an upper limit to 
plating rates. T3v a suital-)le adjustment of conditions 
almost any mixture from 100% nietallic rnolybdesnrm 
to 100% hexagonal rnolybdenunl carbide can be 
produced. 

If thc hydrogen is mixed with water vapor beforc' 
being passecl into the system, lower carbon contents 
of the plates can be obtained, and t,he plating rate 
greatly increased. This efTect cannot be obtained by 
admitting moist air into the system, as osid a t' lon 
takes place at  once, and the plate consists largely of 
unadherent molybdenum oxide. 

Various modifications ol t;he "normal" plnt,iug pro- 
cedure, i.c., xnolybdenum carbonyl vt~porized in a 
strearrl of dry or wet hydrogen, were tricd. The effect 
of adding carbon dioxide to the plating gas to de- 
crease the formation of carbon by shifting the equi- 
librium 2C0 C + GO4, scc~ils to bc vcry snlall 

4 

a t  500 C, above which temperature the qualit,y of the 
plate begins to fall off. 

Hydrogen sulfide decreases the formation of carbon 
more effectively than does hydrogen, at  low tempera- 
tures, but the adherence of the plate and the quality 
of the bond suffer greatly. A11 tra,ces of hydrogen 
sulfide must be s\ccpt most carefully out of the appa- 
ratus before a subsequent hydrogen reduction of the 
nlet,al surface. At 101%- concentrations of hydrogen 
sulfide (pressures of 0.0064.0002 mm) tlic plates 
formcd are of molybdenum metal. When. this gas is 
added in large excess, plates of molybdenum sulfide, 
MoS?, a.re formed. These appear to be adherent, but 
are, of course, vcry soft. Molyl~den~~rn sulfide in 
nature is about ss soft as natural graphite. 

The addition of air plus excess oxygen to pure 
carbonyl in the correct prhoportions results in a thin, 
brittle, adherent platc of molybdenum oxide, Mooz. 
Thick deposits of this type cannot be produced, for 
large amounts of air produce a nonadherent coating. 

C~ystalloqruphic O~ien,tation'. Where any degree of 
adhercncc is obtajned betmeen plate and metal, the 
plate consists of an interlocking mass of oriented 
molybdenum crystals. The ekact ~rystallogra~phic 
orientation seems to vary with the chemical char- 
act,eristics of the plate and with the plating condi- 
tions. In general the softer the plate, the larger and 
more brilliant are the crystals. Figure 7 shows the 
large, brilliant crystids typical of a soft plate. The 
preferred direction of crystal growth appears to be, 
in nearly all cases, nornlal to the sut.t'ace of deposition. 
This is part,icularly true when plates of considerable 
thickness are formed. Tlic tendency to\\-ards columnar 
st,ruct,ure, illustrated in Figure 8, is less in plates with 
very small individual crystals, n-lvhich can apparently 
only be obtained where there is either considerable 
interst,it,ial cartron but no carbide, or in those plates 
containing no molybdenum metal but only carbide 
plus excess carbon. 

Hwdr~ess. The hardness of the molybtlenum p1:ites 
increases n-it,h the carl~on content, \vhct,hcr i t  is pres- 
ent as cftrhidc or as interstitial carl~on. Brittleness of 
thc harder plates, on the other hand, increases with 
an increase in t,he proportion of carbide. When a 
hard, but not britt,le, platc is desired, therefore, plat- 
ing conditions should bc such that carbon is dcpositcd 
interstitially and not ss carbide. When no carbide is 
present, the hardncss increases with dccrcasing crystal 





VAPOR-PEIASE PLATING OF MOT~YRIIENU'M 429 

used, but the best general method appcars to be the 
exposure of the surface to a stream of hydrogen gas 
at  high temperatures in the plating chamber before 
passing in the plating gas. 

The tenlperature and length of exposure needcd 
depend primarily on the ease of reducibility of the 
oxide coating. Thus alloy steels and stellite require 
longer clcaning times and higher temperatures than 
do pure iron or copper. In some cases i t  becomes 
necess:irry t,o heat the steel surface t,o temperatures 
which are above the transition point for periods that 
are long enough to change the s t r t ~ t n r e  and proper- 
ties of an underlying layer of measurable thickness, 
thus making it necessary to heat-treat the article 
after platling. Stellite surfaces need to be heated to 
1000-1100 C for hr for complete deoxidation. 

The t ~ r s t  procedure to give an adcyuate bond in- 
volves a preliminary cleaning opcration, followed by 
hydrogen reduction, after which the plating is started 
a t  a lower ( t~u t  still fairly high) temperaturo and a t  a 
low rate. Conditions tfo be chosen vary with thc chem- 
ical nature of the articles to be platcd and their 
geometry. 

In ordcr to save the time and expense recluired for 
full "use" tests of thc strength of the plate-to-metal 
bond, various laboratory tests were developed. A 
very poor boncl fails by spdling \\lhc11 cold, that is, by 
separating fro111 the underlying metal in flakes as the 
result of the strains set up on cooling to room teni- 
peratme. Bonds that withstand this simple test some- 
times fail ~vllen the articlc is slightly bent or gently 
hammered. Failllre usually ta,kes place first :~t  :L sharp 
edge. 

;\ tcst was developed especially for use on speci- 
mcns prepaaed for gun barrel liners. In this test n ring 
% in. in inside dis1ncl;er nald in. long, \\.ith lands 
and grooves on the inner surface, \!-as crushed in a 
compression-type testing rnachim. It was possible to 
plate such rings so that, the bond \vould ~vithst~md 20 
per ccnt to 30 per cent of axial compression u-ithout, 
failure. As the investigation progressed, plates that, 
could withstand 20 per cent axial compression I\-ould 
be regularly prepared, and only srt,icles prepared by 
techniques that passed this tcst ~ i a r c  subjected to use 
tests. 

A quantitative shear test, using a precision shea,r- 
ing tool actuat,ed by x measured weight attached to a 
lever nrm beyond the tool, and so arranged that t,he 
tool al\va_vs assumecl the same angle of shear, was also 
devclopcd. This device indicated t,he averagc value of 
the strength of the plate perpendicular to the bond 
(best plates as shonn by crushing test) to  be :1.00,000 
psi ; of the bond, 54,000 psi ; and of the hardened and 
heat-treated steel ring, 87,000 psi. 

In the course of these esperiments i t  was shown 
that heat treating subseqllent to plating injures the 
bond, as ek-idcnccd by thc scvere spalling shown j.n 
Figmc 9. The damage to the bond was apparently in 
direct ratio t,o the length of .time of the subs&ueat 
heating. 

noth heat, treating and crushing appear to convert 
interstitial carbon to the hexagonal carbide, Mo2C. 
Furthernlore these tre~itments appear to form a difu- 
sion layer of the carbide at  the bond interface. As 
molybdenum carbide is knonn to be brittle, this 
\\-auld account for the familure. This diffusion layer is 
also formed when the use to which an article is put 
subjects i t  to  similar conditions. I t  has newr shown 
up in photomicrographs ttaken of specimens in the 
"as-plated" condition. issperiments sho~v that 800 C 
is the mnsimunl temperstl~re that a plate-to-steel 
bond can safely stand, and about 950 C is the safe 
mssimum for a plate-to-stellite bond. 

Attempts~vere made t80 improve the bond by alttsr- 
ing the surf~lce layer of a steel article, and also by 
applying electroplates of various nlet,als to the steel 
or stellitc surface before the pyrolytic plating. ne-  
carburizing a steel surface to a depth of 30 mils, 
either with or without subscqucnt nitriding, hn,d no 
ef3ec:tj. Elcctroplating: steel specirnuns with copper, 
gold, gold on cobalt, gold on nickel, chrornium on 
cobalt, platinum bright on nickel, and palladiuni on 
cobalt, did not improve the resistance of the bond to 
heat t,reatment a t  900 C. 

The greatcst improvement \\-as shown by molyb- 
dcnum coatings that were platcd on steel specimens 
which had previously been plated with nickel or with 
platinum on -nick,el. However, the improvement 
shown on flat specinlens was not repeatfed when rifled 
tnbe sections were electroplated thus. It rnay be noted 
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the land edges, where the mechanical forces were 
greatest. Areas mhere the plate remained intact 
showed virtually no scoring or powder gas erosion. 
The facts that failure occurred under hypervelocity 
conditions a t  about the same number of -rounds for 
both double-base rind single-base powder and that, 
spalling was greatest on land edges indicate that 
failure was due to mechanical rather than to chemical 
conditions. From kno\vlledge of the chemical behavior 
of molybdenum and from t,he esperience with mas- 
sive molybdenum lincrs, discussed in Section 18.6, 
this was to be espectcd. 

There seem to br, tm-o do~ninant causes lor the 
failure of the plates.Virst, the masimum possible 
thickness for adherent plates is still not thick enough 
to keep the bond fnjm bcing weakened by the heat 
developed, the bond 1)ecoming brittle as the result of 
the formrttion of a diffusion layer during firing. Sec- 
ond, the plalte tcnds t , ~  split betxveen the parallel- 
oricnted, colurlinar crystals and thus lcaves the basic: 
metal open to attack by t,he powder gas. The cracks 
tend to ~ : L S S  do\vn into a st,cel liner, and pieces of steel 
"chunk" out. When the hot gases from double-base 
powder reach a stellite liner, melting starts a t  once so 
that flakes ol plate arc unclermincd and detached 
from thc surlace. Also, the hot powder gases can react 
with the csposed s~~r i ace  of :L stc:el liner to yield 
brittlc products, described in Chapter 12, which are 
removed, together \I-ith molyljdenurn plate, h)~; the 
meahanical action of the projectile. When once the 
platc fails at  a, fe\v spots, the action bccomes cumu- 
lative. The ph~t~clmicrographic: evidence for the cause 
of the failure of t,he plat,e-t,o-steel bond seems a little 
clearer than does the evidence of failure for the pl:kte- 
to-stellite I-~ond. 

The effort to ma,ke it sstisfactory plat,ed gun liner 
by using a t,hicker plate lmd t,~vo othcr difficulties. 
One ~vas  that t,lie plating time became inordinately 
large. Thc other 1~:~s  that the rifling lost its definition 
when the pla.te \\.as thicker than 10 rilils in a, caliber 
.50 liner having rifling 10 mils dcep. Some at,tention 
was given to t,he possikjilit,~~ ol* plating a smoot,li-borc 
liner and d i n g  i t  after plating. This procedure \vould 
have requircd a softer plale that could subscyuently 
be hardcneti. Reconnaissance experiments to produce 
such a plate n-ere imsuccessful. 

In  summa19jr, then, it may be pointed out that the 
requirements lor a mrj1~~bdc:n:nurn plate to be applied 

Examinutions of tlic firecl liners \\-\-el.\-e c:lrricd out nt several 
diff el.ent, pl~~ces.~".'~.!'~ 

t,cl gll11 liners by .the vapor-phase process are as fol- 
lows: First,, a, type of platc that is soft enough when 
deposited so it can bc rifled by machining, and then 
can be hardened by heat treatment or in some other 
\my; second, a type of plate that will have a non- 
oriented crystallographic structure; and third, a plat- 
ing rate of at  least one mil per hour, so that a plate at  
least 15 mils t,hick can he deposit,etl in :I reasonable 
time. 

21.5.5 Other Applicatiotzs 
. .  , 

Rocket nozzles are sllbjcct to po~vder-gas erosion 
but not to mechanical shoclr. Since molybdenum hiis 
superior resistance to atlack by powder gases and, as 
liners, fails in guns only bec:mse of mecha.nic~~1 shock, 
11; was thought \\-orth ~vhile tlo plate rocket nozzles 
with molybclenum. Several copper and steel nozzles 
of various designs were p1at;ed by the pyrolytic 
m e t h ~ d . ~  

A special plating app~tratus had to be designed and 
built, sirice the nozzles had tapcring orifices and hence 
the "plater" designed lor cylindrical gun liners would 
not give plates of the desired t,hicknesses. Plating 
conditions were 11-orked out, and t'he nozzles thus 
plated stood up, in most cases, to thc laboratory 
tests previously described. 

On firing, vhere the d~~ra t~ ion  of a single blast is up 
to I1 sr?c and tthe flame temperat,urc-: of the powder js 
3000 I<, the nozzles failed at  thc metal-to-plate honcl. 
The plate was presumaljly not thick enough to pro- 
tect the underlying copper from melting or the under- 
lying steel from being heated above its transition 
point,; in addition to this elfect, the for1n:itition of a 
brittle diffusion layer proba,bly occurred during the 
long-continiled heat treatment. The high heat trans- 
fer of molybdcnurn is presumably partly to blame. 
Il much t'hicker plates could be rna,de adherent, a 
greater degree of success might be espected. 

RECOILLESS GUN BLOCKS 

Some recoilless gun a,djustment lnlocks were pla.ted 
\\it11 molybdenum.' The plates in all cases spdled 
~~lorlg thc loading edge :~ft,er about 20 rounds. This 

': This ~\-orl<\~-us donc at the request of the Allegany Bnllist,ics 
Lsbot.ator.y crl' Sectlion H of Division 3, NDRC, ancl of the 
Esplosives Research T,ubo~,:~t,ory of Division S, K1:)R.C. 

f This wort \$--as done at the rcquest of I'ranliford -4rscn:ll. 
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was not considered to be satisfactory performance. frame being made of molybdenum and tungsten wires. 
Heat transfer, accelerated at  the leading edge, was After this die had been used for 50 formings it showed 
the probable cause of failure. A softer and thicker no apprcciablesignsof scoring. The ordinarvdie shows 
plate might give better performance. serious deterioration after 30 forrnings and requires 

refinishing after 100. The test was being continued in 

Certain types of oxygen compressor cylinders have 
to  work dry, and the wear of the cylinder against the 
carbon piston ring is serious. Under thc conditions of 
use it i.s the friction between the carbon ring and the 
coating on the inside of the cylinder, rather than the 
wear resistance of the coating, that is being tested. 
Previous tests had shown that hard chromium elec- 

1946 and i t  was then estimated that the total usefrll 
life of the plated die would bc manyfold that of the 
ordinary type. 

Another die with a complicated surface, used lor 
drawing copper tubing for coaxial cable, was given 
a similar plate. The test of this die was still incom- 
plete in 1946, but its performance up to then mas 
much better than that of a nonplated steel die. 

troplate gave the best performance. A rather soft MOLYBDENUM SULFIDE PLATES AS SEMICONDUCTORS 
molybdenum plate lasted 40 hr before wear of the 
carbon ring became serious. The rate of weer against Molybdenum sulfide plates, which are mentioned 
the molybdenum plate was only about 8 per cent of in Section 21.3.2, appear to prcsent useful possibilitics 
that agdnst the hard chromium elertroplate. No as semiconductors. Only preliminary experiments on 
othcr t,ypcs of molybdcnum pyrolytic plates were such plates were made. 
tried, but this appears to be a promising field of ap- 
plication of such plates. 21.9.6 Conclusions and Kecommendations 

Certain electronic devices, such as magnetron 
anodes, dissipate large amounts of heat pcr unit area, 
the amount increasing with the power radiated. The 
size of such devices is usually fixed; thus if heat dis- 
sipation can be increased while electrical conductivity 
can be maintained, an increase in power radiated can 
be obtained. Because of the high rate of heat transfer 
of molybdenum, it was decided to try the effect of a 
soft, purc mctal plate on the insidc of a copper ring 
which is a portion of the coppcr anodc. It was found 
that a power increase of at  least four times over that 
possible with an unplatcd anodc took place. The plate 
remained intact. 

Another application of great promise is to plate the 
surface of dies that have to stand hard wear, but not 
severe shock. A 2-mil molybdenum-molybdenum car- 
hide plate, which probably had a hardness above 
1200 Vickers, was applied to a die which consisted of 
a rod at  one end of which was a disk for impressing a 
convolute in the grid frame of a vacuum tube, tke 

R Thiu application was tried at the request of Division I]., 
NDR.C, and thc tests of the plates were carried out by rt 

Division 11 contractor. 

I t  appears that the fields of use for pyrolytic plates 
of molybdcnum and molybdenum carbide that will 
most probably rcpay further investigation are those 
where resistance to friction or wear, without mcchan- 
ical shock, is involved. If considerably thicker plates 
of good adherence can be prepared, there is reason- 
able prospect of succcss in obtaining resistance to  
high temperatures. Such plates would have t o  be 
thick enough to protect the underlying rnetal from 
melting and thermal transformation. The columnar 
nature of platcs so far prepared increases their lack of 
resistance to the combination of thermal and rncchan- 
ical shock. Further research may make i t  practicable 
to prcparc plates having an unoriented structure, or 
ones oriented in such a way as to rcsist the forces that 
have up to now caused failure. 

Inasmuch as a thorough trial had been made of the 
conceivable ways of maintaining the strcngth of the 
bond during firing, i t  was concluded in the summer of 
1945 that thc pyrolytic plating process as then dcvel- 
oped was not suitable for plating gun liners with 
molyt~denum. Furthermore, the liners of massive mo- 
lybdcnurn, described in Chapter 18, had by that time 
lasted over 2,000 rounds in similar tests. The dificulty 
of finding a way to match this result by a liner plated 
with molybdcnum by the pyrolytic plating process 
seemed sc, great as to make further investigation un- 
warranted. 
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Further study of the present type of pyrolytic plate 
should not, however, be dropped. In addition to ex- 
tended tests of the more successful applications, 
further research should be conducted on means to in- 
crease thc plating rate and on met,hods to increase the 
strength of the plate-to-metal bond, and efforts 
should be made to  define more closely thc conditions 
for preparing u plate of a given hardness, diemical 
cornposittion, crystal size, or other variable. 

The properties of tungsten hexacarbonyl are virtu- 
ally the same as those of the corresponding molyb- 
denum compound, except that its vapor pressure a t  a 
given temperature is about one-fifth that of molyb- 
denum c,arbonyl. Thus at  28.1 C: the vapor pressures 
are 0.037 and 0.156 mrn, respcctively, and at  35.2 C 
they are 0.076 and 0.302 mm. The stability of tung- 
sten hesacarbonyl appears to be the same as that of 
molvbdenum hexacarbonyl. The toxicity of its vapor 
is presumably the same but the risk of handling i t  s 
little less because of its slightly lo~vez. volatility. 

21.4 VAPOR-PHA,SE PLATIMG OF 
TUNGSTEN"" Properties of Tungsten Plates 

21.4.1 Preparation and :Properties of 
Tungsten Car-bony1 

For reasons statedinsection 21.1.3, the greater part 
of the efforts on preparing pyrolytic plates lor gun 
bores and ot,her purposes mas carried out with molyb- 
denum carbonyl. Consequcntly, no detailed invcsti- 
gation was made of processes for the large-scale pro- 
duction of tungsten carhonyl or of the ram materials 
froni ~vkich to make it. Standard laboratmy apparatus 
and methods were used to prepare a11 amount r,f 
tungsten hesacurbonyl that n as sufficient for thc es- 
periments that were carried out. 

Anhydrous tungsten chloride is obtainable in com- 
merce in quantities adequate for use as a starting 
material for thc production of tungsten hcxacarljonpl 
on a small scale. If it is needed in larger amounts, it 
can be prepared by the ssnle procedure and with thc 
same type of apparatus, nith only minor rnodifica- 
tions, as was useti for the production of the molyb- 
denum compound (Section 21.2.2,. 

Tungsten hesacarkonyl is prcpared on a laboratory 
scale in the same fashion as is molybdenum hcsacar- 
bony1 described in Scct,ion 21. .2.3. Tungsten hexa- 
chloride is reduced to ac,tive tungsten by metallic 
zinc in an ether suspension, and at  the same time the 
carbony1 js formed by reaction with carbon monoside 
under pressure. Upon conlpletion of the reaction, the 
ether is removed by distillation, and the tungsten 
carbonyl is renloved from the &her substances by 
steam distillation and finally purified by sublimation. 
No studies have hecn made to deternline the most 
favorable conditions lor ot~taining a high yield, but, 
should it be desired to prepare this corrlpound in 
amounts larger than 100 g at  a time, studics such as 
those described in Section 21.2.3 concerning the prep- 
aration of molybdenum carbonyl should be made. 

In general, the investigations on the preparation of 
tungsten plates by the pyrolytic, or v~ipor-phase, 
process stopped a t  the preliminary stage, since mo- 
lybdenum plates seemed to  show more promise. Tcsts 
on improving the bond, on plating tungston over an 
intermediate plate of another metal, and on the shear 
and crushing strength of tungsten plates mere not 
made. 

The sanlc apparatus was used as for the vapor- 
phase plating of molybdenum, as described in Section 
21.3.1. When tungsten carbonyl vapor ~ i i thout  dry or 
wet hydrogen is introduced into the plating chamber, 
the composition of the plate varies as sho~vn in Table 
4. It seems to be easier to prepare plates of pure tung- 

TABLE 4. Ntlttire of plates deposited from tungsten car- 
booyl vapor. 

- 
Plating Low carbor~ High carbon 

temperature (C) mor~oxide pressure monoxide pressure 

2W300 Node Nonc 
300-400 Tungsten Cubic carbide 
4w500  r 1 .l ungsten Tungsten 
500-800 Tungsten . . .  

sten than of pure molybtlenurn. The formation of the 
hexagonal tungsten carbide, W2C, lvas never ol-)served 
in these plating esperirnents. Although no carbon de- 
terminations were made, the cubic cornpoulld is con- 
sidered to be WZC by analogy with the cuhic phase of 
Mo2C tliat was discussed in Section 2 1.3.2. 

In general, the tungsten plates are harder than the 
molybdenum plates. Hardness varies from 500 Vick- 
ers for plates with very low (carbon content, to ovcr 
2000 Vickers for t,hose v-it,h high -carbon content. 
There is a strong tendency, as in the case of molyb- 
denum, for the formsttion of oriented crystals nith the 
long axis normal t,o the plated surface. 
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Molybdenum-tungsten alloy plates have been pre- 
pared by using tt h e l y  ground mixture of the two car- 
bonyls in approximately the same molc ratio as the 
ratio of their vapor pressures [MO(CO)~/W(CO)~ is 
4..5 at  20 C] in the carbonyl chamber. Xuch plates 
prepared at  600 C in wet hydrogen at  a moderate rate 
were quite hard and brittle. Molybdenum plated un- 
der thcse conditions is relatively soft. 

21.4.3 Tests oE Tungsten Plates 

One rifled stellit,e liner was plated with a 3-mil 
tungsten coating containing some carbide and fired in 
a caliber .50 aircraft machine gun barrel with AP-M2 
ammunition. The plate was removed completely from 
the breech third of this 8-in. liner by firing five 50- 
round bursts at  1-min intervals. This performance 
was not encouraging. 

Tungsten,-plated rocket nozzles behaved on, test 
the same as did tlie molybdenum-platcd on.es, men- 
tioned in Sccttion 21.3.5. 

Thc performance of tungsten-pla,ted a,djustment 
blocks in a recoillcss gun was no better than that of 
bloc'ks plated vi th molybdenunl (Section 21.3.5). 

Two steel compass bea,ringswere plated as follo~vs.~ 
One receivcd a platc of tungsten high in interstitial 
carbon and the other a plate ol tungsten carbidc. The 
sted bearings h:td the shape of a small cylinder with 
s~ V-shapcd recess ground into one end. The hardness 
of the plates was about 2200 microvickers, on mhi~li 
~ca l e  sapphire is 1800. The ultimate pcrformance was 
reported to be unsalisfact~ory, probably due to the 
thinness of the plate at  the bottom of the bearings 
where the greatest mTe:u mould be receivcd. 

No increase in the useful lifc of a high-speed drill 
was found when a plate of tungsten 1 mil thick was 
applied. 

It should be emphasized tha,t none of the foregoing 
tungstten plates represented the best product that, 
might be obtained if sufficient study were made of the 
plaBing process. Each was a reconnaissance experi- 
ment in the early stages of the development of the 
plating technique, designed to sh0.c~ whether under a 
wide variety of condit,ions tungsten plated by the 
vampor-pha#se process showed any very great differ- 
ences ss  compared with molybdenum so plated. Be- 

h Thcy were prepa~ed for e.nd tested bydthe Bureau oi 
Aeronautics, Navy Dcpartrnent,. 

. - 

cause none of the tungsten plates was outstandingly 
better, later efforts were concentrated on molyb- 
denum, us described in Section 21.3. 

Before a decision can-be reached concerning the 
relative value of tungsten compared with molybdenum 
plates deposited pyrolytically, a detailed investiga- 
tion of the factors affecting the properties of the tung- 
sten plates will have to be carried out, just a,s has 
been done with mo1yt)denum. A possiblo advantage 
of tungsten plates compared with molybdenum oncs 
is that harder plates of pure tungsten may be pre- 
pared more readily than pure molybdenunl ones, and 
possibly at  slightly greater plating rates. Also be- 
cause tungsten carbide may be somewhat harder than 
molybdenllnl carbide, it mould seem worth, while to 
continue experiments on the preparation of tungsten 
and tungsten carbide plates for use where extreme 
hardness is essential. Much work will need to be done 
before an article of irregular sh~tpc, especiitlly one 
having deep cavities or sharp edges, can be gi,ven a 
fully satisfactory plate or' tungsten or of a tungsten. 
compound by this process. 

21.5.1 Formatiun of Chromium Carbonyl 

Chromium hcxacart)onyl, Cr(CO)s, thc only stable 
compound formed hrtween chromium and carbon 
monoxide, cannot be prepared in the same way as the 
corresponclingmolybdenuin and tungsten compounds. 
It can be prepared only by use of a Grignard reagcnt, 
which is an organic m~tg~lesiurn bromidc in the pres- 
encc of an organic solvent. The re:totion, which in- 
volves the formntion of sn  unstat~le addition com- 
pountl, may be written ns shown in equations (3) find 
(4). 

The exact course of the reaction and the possible 
furthcr steps into wliich i t  may be brolren down need 
not concern us here. 

The previously publi.shed work shows that several 
experimental procedures have been used in which one 
or morc: of the following frtctors were varied.: the 
compound of chromium, thc -type of Grignard re- 
agent, the solvent, and the temperature and pressure 
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a t  u~hich the reaction was carried out,. In all cases the 
yield of chromium hexacarbonyl was low, the highest 
reported being 1.4% of the theoretical, and duplicate 
experiments seldom gave the same yield. This is a 
common situation in organic chemistry, where more 
than one reaction is possible in a given system. Thc 
desired product can usually bc formed in adequatc 
amount only by a very careful study of the possible 
variables. 

In  order to obtain better yields of the carbonyl 
than had previously bccn obtained, detailed studies 
were made of the following points : 

1. Chromium conipound to he used as starting 
material. Chromium metal has been includcd. 

2. Cornposition of Grignard reagent,. 
3. Solvent. 
4. Effect of moisture. 
5. Order and mode of addition of reagents. 
6. Type of appara,t,us and materials for its con- 

struction. 
7. Temperature at  which reaction is carried out. 
8. Prcsslue a t  which reaction i.s carried out. 
9. Efrect of st,irring or other methods of agitation. 

1, - 10. Scpara;tion of the carbonyl from the reaction 
mixture. 

I I .  Purific:~tion of the carbonyl. 
12. Storage of the carbonyl. 
As a result of these studies, the yield of pure 

chromium hesac,arhonyl \\;as increased from about 
:14% to  about 64%, ~~vhcn prepared in quantities 
of 5 g per run using laboratory apparatus. h few 
experiments on a sligl~t~ly larger scale gave equal 
yields. No work has been done on a semicommercial 
scale, but there are some indications tjhat, a continu- 
ous process for the manufacture of this substance 
could be worked out without great difficulty. No 
cstimate of the cost has been made. 

21.6.2 Procedure :for Produci~ig Chromium 
Carboll yl 

The procedure finally adopted 11-as as follo~vs: 
Comnlercial anhydrous chromic chloride mas dried at; 
230 C in nitrogen, and then scrccned to 40-mesh or 
finer. 34oisture adsorbed here merely required the use 
of nlore Grignard ree~gent and did not seem to de- 
crosse thc yield. Phenyl magnesi~m~ bromide was 
used as the Grignard reagent. I t  nras prepared, as 
described in standard laboratory manuals of organic 
cheinist~.y, by dropping phenyl bromide into a flask 
containing magnesium turnings and dry  ether. The 

container must have an efficient stirrer and beequipped 
with a reflus condenser. The reagent keeps best in an 
ether soluttion. 

For most of- the expkriments 3.08 g of chromic 
chloride were suspended in GO cc of dry ether in a 
container that could be inserted as a tight-fitting 
lincr in a high-pressure vessel. A glass container was 
used in   no st cases for convenience, but copper, mild 
steel, and stainless steel were also uscd wit,h no 
adverse effect on the course or yield of the reaction or 
on the purity of the final product. If elevatccl tem- 
peratl~res are ever tried in the future, steel should be 
avoided, as unstable iron carbonyls mi11 be formcd by 
reaction with the carbon ~nonoxide under pressure. 

The chromic c,hloriclo was kept in suspension by 
stirring in an atmosphere of nitrogen. The container 
was coolet1 to about -70 C, by insertion in a mixture 
of solid carbon dioxide and acetonc, and then a solu- 
tion of 27 g of phenyl magnesium bromide in 80 cc of 
dry ether was added slo~l-ly, with continuous stirring, 
during thirty mim~tca. Much of the Grignard reagent 
crystallized a t  this temperature. The container was 
then removed froni thc cooling bath, its outside .M-as 
carefully wiped, and i t  was placed as quickly as pos- 
sible in a steel pressure vessel \v-hiich could bc rocked 
mechanically. 

This vessel was then sealed by means of a gas-tight 
gasket and carbon monoxide was introduced through 
seamless copper or bronze tubing from a cylindcr of 
the commercial gas. Varying the pressure bet~~-ccn 
500 and 1,000 psi did not seem to affect the yield of 
carbonyl. Pressures above 1,000 psi n-crc not tried. 
The rocking mottion was started promptly. The con- 
tents of the pressure vessel reached room temperature 
in about three-foi~rths of an hour and the reaction 
seemed to be virt,ually complete in 2 hr more. The 
carbon monoxide pressure was then released, the con- 
tents of the pressurc vcssel treated ni th ice water, 
35 cc of dilute (GN) s~1lf11ric ac,id added, and the 
brownish t,o greenish misture steam-distilled, as de- 
scribed for ~nolyhdenum carbonvl in Section 21.2.3. 

The ether was thus removed first,, and the distilla- 
tion \\-as continued until no more crystals of chro- 
mium carbonyl appeared in the receive;!. Enough 
ether was then added to Lhc receiver t o  dissolve all 
the carbony1 and t,he ether layer scparated from the 
clcar aqueous layer. The et,her extract mas washed 
with water :md dried over anhydrous sodium sulfate. 
i\/Iost of the ether \\-as distilled off through an efficient 
fractionating column. If adeql~ate fra~t~ion a t '  ion was 
not obtained, thcre was loss of chromium carbonyl. 
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The flask containing the residue was cooled ,in ice, 
and the c:arbonyl was filtered off, washed with a litt,le 
cold methanol and finally with a little cold dry ether, 
and dried in air at  roon1 temperature. Chromium 
cai,kjonyl was allowed to stand exposed to the air only 
long cnough -For the ether to evaporate. The yield of 
crude carbonyl in these experiments I V : ~  bet,wcen 2.3 
and 2.9 g, that is, 53 to 67v0 of the theoretical. 

For further purification, the curbonyl was recrys- 
tallized from dry ether in, a. Soxhlet extractor and 
subliined in, vacuo. The sublimed ma1;erial formed 
large, high1 y refracting crystals. Analyses for chro- 
mium showed the theoreticel composition. 

several experiments. Starting materials other than 
anhydrous chromic chloride apparently did not react 
at  311, and no carbon.yl could be recovered. The yield 
of carbonyl was not increased by thc use of other 
solvcnts or of other types oSGrignardreagent andwas 
definitely recluced \\-hen preliminary temperatures 
were high. 

A few experiments involving the Grignurd reaction 
under pressure on a somewhat larger scale werc car- 
ri.ed ont toward the close of the investjigation. A stccl 
aut,oclavc of %-gal caps.city was used, and operations 
carried out a t  room temperature. Chromium c:hloride 
and ethcr were placed in this vessel, and thc Grignard 
reagent was inttroduced gradually through a scrcw 

21.5,s Properties of Chromium Carbonyl device, while zl high pressure of carbon rnonoside was 
maintained in the interior of the autoclave. The sub- 

Chromium carbonyl is slightly volatile at  room 
temperatures and should be stored in sealed, glass- 
st,oppered, dark-glass bottles. Storage in a, dark cup- 
board is preferable, for traces of impurities make 
chromium hexacarbonyl much more sensitive to de- 
composition by light than molybdenum and tungsten 
carbonyls. The properties of chromium hexacarbonyl 
resemble those of the rnolybden~~m compound very 
closely, except for the greater sensitivity to traces of 
impurities, and t,hc slightly higher vapor pressure of 
the former. Its solubility, stability in air, and stabil- 
ity in contact with other nlateritlls are essentially 
those of its molybdemlm analogue. Accurate values 
for the constants in question have not yet been ob- 
tained. 

scquent steps were as described above. The yield was 
64v0 of theory. The use ol such an apparatus is sug- 
gested if i t  is desired to prepare the cnrbonyl on this 
larger sculc. 

By the use uf a specially designed apparatus, with 
a suitable number of feeding devices, :t ~ontinuous 
process for the production of chromium carbonyl 
could probably be worlred out if need be. The sub- 
sequent operations are those which have dready bccn 
carried out on a commercial scale for many ycurs in 
other types of organic p~ept~rations. 

21.6 VAPOR-PHASE PLATING OF 

21.6.4 Pilot-Plant Production 21.6.1 Introduction 

No pilot-plant production of chromium carbonyl 
has yet been conducted. During the laboratory study 
of the synthesis, however, attention was paid to pos- 
sible modifici~tions of procetfme that would lead to B 
convenient and cheap commercial process. The elim- 
ination of two leatures in particular was sought-the 
use of a Grignard reagent, because of the hazard of 
working vi th large quantities of ether, and the use of 
high pressures, because of thc complexity of the pro- 
cedure. No success was had in a number of attempts 

Only preli~ninary experiments on the formation of 
platings by the thermal decomposition ol chromium 
hexacarbonyl were carried out. Enough, work was 
done to show th:tt plates of difterent degrees of hard- 
ness, which ~vere reasonably adherent at  room tem- 
perature, could be applied to  fl:tt stccl surfaces. Tem- 
perature limits for the varying hardness of the 
plates were found. The few plates applied to  stellite 
surfaces were not particula,rly sdherent. 

to  prepare chromium carbonyl by somc reaction not zl,,j.a 

involving a Grignard reagent. 
Plating Prpcedure 

At atmospheric pressure the yields of chromium The process of' plating chromium from the cnrbonyl 
hexacarbonyl by the Grignard reaction, are much was essentially t,he samc as that of plating molyb- 
lower than when the reaction is carried out a t  high denum (Secti,on 21.3). A controll.ed stream of hydro- 
pressures of carbon monoxide. Yields ol bctween 21 gen passing over the crysta.lline carbonyl carried car- 
and 24% were the best that could be obtained in bony1 vapor into the plating chamber where cb.romiurn 
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was depoeiteil on the heated metal objed; by the carbony1 vapor pressure from 0.040 to 0.220 mm. The 
decomposition of the ca.rb~nyl. The resulting carbon hpdrogell flow and the proportion oE any other gas t,o 
monoxirle 11-a~ ~temoved by continuous pumping. A 
by-pass \\-as provided in thc apparatus so that the 
hydrogen coulcl he adrnilted &rec,tly tto the plating 
chanlbcr \\,hell dcsired. 

The apparatuu thst mas used in the chromium- 
plating proceclure is shown to scale in Figure 110. The 
Cenco Hypervat: 20 vacuum pump, TI-hich is run 
continuonsiy during operations, is connected by a 
short piece of thick-walled rubber tubing. At the 
opposit,e end of thc appa~at~us is a needle valve, 
through which a s~nall stream of carefully purified 
hydrogcn gas can bc admitted. With the exceptlion of 
these items and of the top of t,he plating chambcr, the 
apparatus is consti*ucted of i'yrex glass. The trap ITl, 
in \\-hich the unused carlmnyl is condensed, is im- 
mersed in a h:~t,h of solid carbon dioxide and a~et~one. 
Tramps T2 t~nd T3 ~on ta in  cry st,als o S  purified chrornium 
hesa,c:irbonyl; Y2 is surrounded by 3, constant-tem- 
perature bath (not sho\vn), while T3 is at  rooin tem- 
perature. The stccl or other dislr t,o be plated is 
suspendcd in chamber G by mea,ns of the thermo- 
couple leads ~vhich are sealed into a ground glass 

hydrogen may be var.ied 8.1; mill. The vapor prcssurc 
of the carboilyl can he ca1cul::~tetl from t,he tempera- 
ture of the bsth snrronntiing the curbony1 container 
7'2 by equ~ltion ( 5 ) ,  

log p = lO.Ii3 - 3285/T ( 5 )  

in which 11 is expressed in rnm of Ilg and 1' in degrces 
centigrade, provided that the bath has bcen in posi- 
tion lor suficient time for temperature equilibrium 
to have been established ~ i t h  the carhonyl. 

The procedure preliminary to plating was t,he same 
as for molybdenum plating in t,hat the ~net~al surfaces 
had t,o be deoxiclized t)y liesting in hydrogen at  a. 
tempernture higher than the pla,ting temperature. 
When thc specimen 11:td cooled to the desired plating 
temperature, the temperature of the carbonyl supply 
was adjustccl to provide the desired vapor pressure, 
and thc vapor was adn~ittecl to the s\:sl;cm. Mter 2 
to .4 hr, the carbonyl vapor was cut off, the sarnplc 
\va,s nga8in heated to the deosidizing temperature (700 
to 800 C), and cooled gradually to anneal the plate. 

stopper set into the hewv brass top of thc chambcr. 21.6.3 Characteristics of the Plates with 
The chamber is surrolmded and heated by s n  incluc- Vari a-tions in Procedure 
tion coil (not sho~vn). illso sho-\rn arc connections to 
a. McLeod gauge to incliaate prr:ssul.e, to a standard Because the high temperatures involved in this 
12-liter volulne for ctalil~ration of gas f lo~~-> and at  Sa, proc:edure permanently change the cl-lar~~c!teristics of 
t,o a source of hydrogen sulfide or ot,hc.r gas, which the steel, some runs were nlacle in which the tempera- 
may he used in addition to thc hydrogen. t,r.lre was never rrtised above 550 C (well belo\\- the 

In this rtppar~~tus thc disk temperature can be alpha-garnms transition point ol stccl). This resulted 
varied from room temperature to ahout 1000 C :md in a slight decrease in the strength ol thr: borlcl be- 

\ 

NEEDLE 

THERMOCOUPLE 
VALVE 

CODE 

C- PLATING CHAMBER 

J-GROUND GLASS JOINT 

JiGROUND GLASS TO BRASS JOINT 
J;GLASS TO RUBBER JOINT 
S-STOPCOCK 

T-TRAP 

FIGURE 10. Appsrai,us used in the csperinlents on the vapor-phase plating of chromium. (Figure 1 in NDRC Report 
A-402.) 
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21.6.4 Conclusiolls and Recommendations 

No  attempt,^ have been made to apply chromium 
pyrolytic platcs to gun bores or to the inside of smooth 
tubes. Experience with molybdenum pyrolytic plates 
makes i t  appcar doubtful if success could be obtained 
with thc cspcnditure of only a reasonable amount of 
effort. Moreover, becausc of the development of al- 
loys (Chapters IT snd 18) that withstand tempera- 
tures at  ~vkich stcllite fails, further investigation of 
chrornium pj-rolytic plates as a means of extending 
the usefulness of stellite to hypervelocity guns is not, 
considered nrorthn.hile. 

These plates of chromium-chromium osidc-cho- 
rniuln carbide on steel, hen-evcr, arc of considerable 
general interest. We have here another typc of plate 

that can be itpplied in an adherent form to  a metal 
surface, thc hardness of which can bc varied 
nearly at  will throughout remarkably wide limits, 
and which is (though this needs confirmatory tests) 
very resistant to corrosion. 

Further study ,crhould be made of the conditions 
under which an adherent plate of given properties 
can be deposited at  a reasonable r:tte. There should 
also be further study of the firmness of the bond, and 
of methods t,o improve it. These plates have promise, 
i t  ivould appear, in the field of estrcrnely hard 
protective coatings for small articles; also for precision 
bcsring surfaces, or for surfaces subjected to hard 
I+-car. The present stage is obvjouslg only a very 
preliminary one, and cxterlsive research must be done 
before det;ermining thc limits of their application. 
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Chapter 22 

STELLITE-LINED MACHINE GUN BARRELS 

22.1 INTRODUCTION 

A SHORT RHEECH LINER of an erosion resistant ma- 
terial in a gun barrel, which provides a suitablc 

bore surface a t  and near the origin of rifling \\-here 
erosion is most severe, is tl practical method of de- 
creasing erosion and t,hus improving gun barrel per- 
formance. In  order to utilize this rncthod of mitigat- 
ing crosion in n~achine gun barrels it mas necessary to 
find and develop a suitable liner material and to in- 
sert i t  in a practical mav in a Service weapon. Divi- 
sion 1 has demonstrated that such an erosion-resist- 
ant liner mat,erial existed, that it could be inserted in 
a practical manner in a Service weapon, that i t  I\-ould 
remain in place during firing 11-i.th no rot,ation, for- 
ward or back\\-ard movement,, or serious expansion or 
contraction, and t,hat a gun 11:~rrel with such a liner 
(with the liner joint :~nd ciiscontinuity in the bore sm:- 
face) would fire accurately and stlfely and show such 
outstanding imprc~vcmcnt, in lifc and performance as 
to justify amply the expense and effort required for 
the nlodification of regular steel barrels. 

The stellites, because of their resistance tto chem- 
ical attack by hot powder gases, hardness and strength 
at  high temperatures, and escellent wear and abra- 
sion resistance, have sho11-11 outstanding performa~lce 
in machine gun barrels under both nlild and severe 
firing contlitions, including schcdulcs so severc that 
unmodified stcel barrels are unable to IT-ithstsnd 
them. The csperirnents that led to the selection of 
Stellite No. 21. as an eminently suitable liner material 
for machine gun barrels ht~ve nlre:ldy been described 
in Chapters 1 G  and 19. The development of a prac- 
tical design for liner insertion in machine gun barre1.s 
for production and Service use is described in the 
present chapter. 

liner insertion for the testing of special materials was 
realized. Recognizing that the only conclusive test of 
an erosion resistant m:tterial is a firing test in the gun 
in which i t  is to  be used or under conditions as close 
as possible to this ulti~nste objective, the several 
tvpes of csperimentad liners described in Sections 16.3 
and 26.2 wcrc devised. 

All of these designs for liner inserti.on \\-ere devel- 
oped in order to test liner materials and not overall 
barrel perfomlance. Sone of them mas intended to be 
suitable for mass production or for Scrvice use. 

In order that an erosion resistant material, once 
found, could be applied, the Cranr Company was 
asked in August, 1943 to develop a mcthod of insert- 
ing short breech liners that would be practical fronz 
both the production and Service standpoints. In view 
of the urgent need for improvement i11 barrel life and 
performance of the calil~er .ti0 Firo\tyning machine 
gun, particularly for aircraft combat, all efforts wcre 
concentrated initially on barrels of this caliber. Fur- 
thermore, i t  was considered desirat~le initially t,o main- 
tain the sarnc est,ernal barrel contour in order to 
utilize guns, mounts, and inst,allatio~ls dret~.dy in 
Service usc and to tlevelop it method for the modifica- 
tion of regular st,cel barrels already in lnrgc supply to 
permit liner. insertion. 

Crane Company prepared four designs for lincr in- 
se~:t,ion in caliher .50 xrimhine gun barrcls, tu-o for the 
heavy and t\\-o for the aircr:aft barrel. Thrce of the de- 
signs \\rere similar in th:tt the assembly consisted of 
three parts-a liner, a chaml-)er section, and a for- 
ward section. The liner, ~vhich \\-as tapered, \\-as 
pressed and shrunk into the chamber section and the 
forward section was then pressed on and the assenibly 
held together with tapered pins. In the fo~,~rth design, 
applied to an aircraft barrel, the lincr and chamber 
scctions w r e  integral. 

Firing tests were conduct,ed on, one hea,vy barrel 
'2.2 DEVELOPMENT OF TTTK LINER DESIGN assembly nlacle in accordance ljrith \\,hat wfi,s consid- 

ered to I:)e the nlost promising of these designs, using 
22.2.1 Insertion of Short Breech Liners a steel liner for i;est purposes, After only a few rounds 

Early in the erosion-resist,ant materials program of had been fired, the tapered pins sheared and the sec- 
Division 1, K\;nRC (Section 16. I ) ,  t,he importance of tions of the barrel separated. Subsequently, another . Spcrial Assistant, Division KDRC, aridrefis: design, similar tlo this escept that a u~lion-ring type 
Geophysical Laboratory, Carnegie Institution of Washington.) of nut rather than tapered pins was wed anti ~vas 
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temperature, eza,ndncd, and gauged with a breech- 
bore gauge after each itcm of the preliminary schedule: 
and :tfter each 500-round group. 

Thc first liner of Stellite No. 2.1 tested was an in- 
vestment-cast, liner, 13 in. in overall length. Tliis cyl- 
indrical Ranged liner was inserted in a caliber .50 
heavy mac:l.line gun harrel accorcling to a dcsign es- 
sentifilly the same 11s that sho~w~,  in Figure I. After 
over 6,000 roimds had been fired, the breech-borc 
gauge had advttnced only 0.30 in. (A regular steel bsr- 
rel is daclared \vorn out after an a,dvance of' 2 ill. of 
this gauge.) The liner \\-as still in good condition, but 
since the lines \\"as too short,, the steel bore surface 
ahead of the liner had eroded consideral~ly. The liner 
\V:LS ~*emoved for very careful esarnination, inserted in 
a new barrel, and the .firing conlia~lcd. At 10,000 
rounds, the breech-bore gauge had not acl\ianced :~s 
much as 1 in.; but shoi~tlj~ tlierealt,cs the advnnce be- 
carrle more rapid and the rejection point (2 in.) \ \-M 

reach(.d at  10,YOO rounds. The linerb hitd not lsilcd in 
a dangerous rnanner 1j j r  cracking hut gradually wore 
out. Such linor performance myas phenoi~~ena~l. On the 
same [iring sc:hedule a steel barrel w-as ~\-oin out in 
less than 1,000 rounds. 

Steps were taken ilnrllecliat,ely t80 apply a liner of 
Stellite No. 21 i;u thc calibpr .50 aircraft, mtzchine gun 
barrel and to learn tho ovcrall i~nprovement in harrel 
perform9,nce that; could bc obtaincd by the nse of such 
a liner. No measurements were available on tllc ef- 
fects on ~ V C I I ~ : E C ~  a,nd velocitjr life of a gun barrel 
when a short ljrqeoh liner of an erosion resistant 111s- 
terial had been inserted. I t  \\-:is not possible to get 
such measl~rements until a suitablc lincr muteri~tl had 
becn found and satislsctorily inserted. Division 1 
made arrarrgcmcnts ~vit,h the Sixth Service C:'omrnancl 
for the Crane Company tfo utilize an Army [iring 
range a t  Port. Sheridan new Chicago to  make accu- 
racy and vclocit,y firings on stellite-lined barrels. 

Two stcllite-lined caliber .50 :~ircr:tft barrels w r e  
to be preparcd and compared \\~ith t\\-o standal-d bar- 
rels on the same modr:ratcly scvcre firing schedule. In 
the prepar:a,t,ion of thc lined barrels the liner lcngth 
\ v a ~  in~rcased to 9 in. This length was a compromise. 
The Bring tost in the heavy bitrrel described abox-e 
had shown that a 6-in. liner was too short. ()I\-ing to 

Affectionntcly cnlled "Grorldpa.ppy7' by t,hoije associ:ttecl 
with the tcst. 

pract,ical niatters, suoh as maintenanc:e of tolcrance 
during the recessing of barrels to receive liners and 
the 1imit:~tions imposed by the wall t)hickness of the 
light aircraft barrel, i t  was decided t,o determine t,he 
per.fomanc:e of the 9-in. liner. 

While the 9-in. investment-cast liners were being 
prepared, while tooling was in progrcss for their in- 
sei*tion, and wl-lile equipment I T ~ S  being assembled for 
the accuracy and vclocity firings, a composite '7%-in. 

FIGURE 3. T ~ r p c t ,  sheet for 25-round burst,  lo^ cold 
accuracy at  1000 inches during firing t,est of aircraft 
barrel S o .  5 (fuscd Stcllit,~ KO. 21 lincr), nCtcr 5,084 
rounds. Trtrget scale in inches. (Photograph No. 70 in 
Cranc 3Ionthly Rcport, on Cont,rxct, OEfilIsr-tY2!) lor 
June 1941.) 
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weapons could be placed in the hands of our fighting 
forces. On the basis of the firing tests on the stellite- 
lined barrels just described, the utilization of the re- 
mitrkablc erosion resistance of Stellite No. 21 when 
applicd as a short brccch lincr, slio\\~cd great promise 
of yielding a vast improvement in thc ovcrall per- 
formance and life of this important and critical Serv- 
ice wcapon. 

22.3.2 Preparat ion of Lined. Barrels for 
Ordnance Depa r tmen t  Tes t s  

As soon as the accuracy and vclocity firings on t,he 
two stellite-lined caliber .50 aircraft machine gun bar- 
rels had procccded far enough to confirm the expecta- 
tion of the remarkable increase in overall barrel per- 
formance to be obtained by the use of a short erosion- 
resistant breech liner, Division 1 made plans for the 
immediate application of these results. Although it 
mas realized that the design and perhaps even thc 
exact liner material might not be > ~ s  suitable as that 
which might be revealed by further research, it was 
felt that the improvement in performance was so out- 
standing that i t  would be dcsirablc to freeze the 
matterial and the design around that shown in Crane 
Drawing No. 50-35 (already shown as Figure 1) and 
furnish bsrrcls for Ordnan.ce Department acceptlance 
tests and immedia.te Service application, rather than 
wait for possible further  improvement,^. 

Accordingly Division 1 asked Crane Company to 
preparc 212 barrels just like those which had shown 
sllch superior performance in t,he accuracy and veloc- 
ity firings. Tw-o hundred of thcsc barrcls were for 
test by the Small Arms Division, Rr:search and De- 
velopment Service ol the Ordnance Department and 
1.2 by the British Air Commission. Crane Company 
prepared these barrels under Contract ORMsr-629 by 
thc modification of standard steel barrcls si~pplied by 
the Ordnance Depai*tment.The investment-cast liners 
\\,crt: supplied by the Httynes Stellite Company (sub- 
sidiary of Cnion Carbide and Carbon Corp.) under 
Contract Ol'i:R$sr-1330. With the special tools on 
hand a t  Crane Company, it ~ v a s  possible to prepare 
two t~arrcls per day and deliver them for immediate 
tcst. Additional tooling was expedited and soon four 
barrels per day \\-ere availttblc. Bccausc of tbc long 
life and superior pedormance of tthe ~t~ellite-lined bar- 
rels, it was possible to supply these barrels faster than 
they could be tested. In accordance wit11 directions 
from the Ordnance Depxrtmcnt, 150 barrels were 
sent for test to the Army small arms testing rangc at 

Purdue 'CJniversity and 50 to Aberdeen Proving 
Groimd. 911 of these ba.rrels were made and delivered 
by October 30, 1914. 

Thc only dimension changed during the course of 
the preparation of these barrcls was that of the bullet 
seat whose diameter vras incrcascd by 0.002 in. This 
cylinder (32.1 in. from thc muae1~-:) was ma,de slightly 
larger in stellite-line& barrels than in standard steel 
barrels because of the slight bore constriction (&out 
0.002 in. in diameter) as a result of firing. If the bul- 
let seat is too small, stoppages result because of fail- 
ure of the cart,ridge to seat. Tn st,andard steel:barrels, 
erosion more than keeps pace with constriction. 

22.3.5 T e s t  Results  

In order to evaluate the relative life and perform- 
ance of the stcllite-lined caliber .50 aircraft machine 
gun barrels prepared by Division I., as compared with 
standard steel barrels under t,he same firing condi- 
tions, the Small Arms Division, Research and Devel- 
opment Service of the Ordnance Department, utilized 
a series of firing schedules which gave a measure of 
relative barrel perfor~nance under conditions simulat- 
ing those that might Ile used in combat. They varied 
from the very severe conditions of long co~itinuous 
bursts or modcrate length bursts (100 rounds) a t  fre- 
quent intervals (2 min apart) to  such mild schedules 
as 100-round bursts with complete cooling bet~vcen 
bursts. The effects on pcrlormarlce \\-ere also eval- 
uated for the various types of caliber .50 ammunition, 
including ball, M2; armor-piercing, M2; annor-pierc- 
ing incent-liary, 118 and M8El;  incendiarv, M I ;  
tracer, M1 sntl M10; and other spccisl experimental 
ammunition. 

Under all conclitions, but particularly ~vit,h long 
continuous bursts ol firc so much desired in severe 
combat, the ~tellit~e-lined barrels sho\z~ed a very 
marked superiority to the standard steel barrels. Al- 
though the stellite-lined barrels sholvcd a marked im- 
provement in aocurtlcg life over st,andard stcel bar- 
rels, the improvement, i~lvelocit~y life was phenomenal. 
Owing to a sniall permanent bore contraction in sttcl- 
lite-lined barrels during the first burst of fire, the 
velocity actually increased and then decreased only 
very slowly during additional firing. In  the.case of the 
tests illustrated by Figure 8, the initial increasc 
amounted to 1.50 fps. 

Also in nitrided srld chrorxlium-plated barrels described in 
Chapter 23. 
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V~C:URE 5. Moving target pattern at  1,000 in. for first burst (350 rounds) in t8esl: of stellite-lined barrel No. AC42. 
(Photograph No. 283 in Crane Monthly R,eport on  Contr8,cl OEMsr-629 lor Dccember 1944.) 

FIGURE 6. Moving target pattern a t  1,000 in. for. eighth burst (171 roundb) in test of stellitc-lincd barrel No. AC42. 
(Photograph No. 335 in Crane Monthly R e p o ~ t  on Contract OEMsr-629 for December 1944.) 
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The i~llprovenient in, performance on various test 
schedulesd may be summarized as follow-s : 

Contir7,uo.u~ Burst Cycle (C - I). In  this very sevcre 
schedule the barrel is fired in a continuous burst until 
serious keyholinge of the projectile develops. "Cold- 
velocity'' is measured before and after the burst and 
sometimes "hot-velocity" is measured at  the end of the 
burst. Continuous bursts to serious keyholing are re- 
peated (with c~mplet~e cooling between burst's) until a 
drop in cold-velocity of 200 fps occurs and thebarrclis 
rejected for excessive velocity drop. Results on this 
test schedule show the remarkable superiority of the 
stellite-lined barrel lor use in strafing and by night 
fighters. 

Ordnance Department tcsts on the steel barrels 
that were standard in 1943 (Drawing No. D-28272) 
showed that after a single burst of 1.67 rounds (mean 
of ten barrels) nearly complete keyholing occurred 
and t,hr:re had been a vclocity drop of nearly 200 fps. 
Thus life was only about 167 rounds. Similar tests 
were made by the Ordnance Department on seven 
stellite-lined barrels provided by Division 1. These 
seven barrcls averaged 295 rounds to serious keyhol- 
ing for the single continuous burst that, was f1red.~9" 
No velocity me~tsurements were made on these barrels. 

Division 1 conductxd more extended tests on reg- 
ular stellite-lined barrels on the continuous schedule 
a t  Crane Company to obtain a standard for compar- 
ison with other special barrels being studied in the 
reskarch progr:Lm. AP-M2 ammunition was used. Al- 
t,l-lough there \+-as some variation in life and perform- 
ance of regulari stellite-lined barrcls, the firing results 
on barrel No. AC42" are representative of what 
performance was achieved on this schedule. Eight 
continuous bursts of 350, 212,301, 233, 200, 247, 176, 
and 171 rounds, respectively, were fired, plus 379 in- 
termittent rounds for accuracy and velocity measure- 
ments, making a total of 2,269 rounds. The cold- 
velocity dropped only 15 fps after the first burst of 

350 rounds. After that i t  decreased only gradually 
from its init,iul value of 2,705 fps to 2,515 fps after the 
eighth burst,. The moving target patterns during 
the first and eighth bursts are shows in Figurcs 5 
and 6, respectively. The stationary targets for 25- 
round bursts for cold accuracy at  1,000 in. during the 
course of the test with this barrel are shown in Figure 
7. This stcllite-lined barrel not only showed a life of 
1,890 rounds as compared with 1G7 for a standard 
steel barrel, but in addition it fired an  initial burst of 
twice the  length.^ Even the eighth burst was equal in 
len.gt,h to the first and only burst possible with the 
standard steel barrel. 

100-Rouad B,u,rsf Cycle (B - 1). In  this moderately 
severe schedule t,he barrel is fired in 100-round bursts 
with two-minute cooling intervals until serious key- 
holing develops or the velocity drop is greater than 
200 fps. Ordnance Department tcsts on 11 standard 
steel barrels fired with combat ammunition showed 
an accuracy life of 230 rounds whilc similar te  s - t  s on 
13 stellite-lined barrels showed an accuracy life of 455 
rounds. No velocitty measurements were made on the 
standard steel barrels but the stellite-lined barrels 
showed a velocity increase of 30 fps during the firing. 
When seven standard steel barrels were fired, with 
ball M2 ammunit,ion for five 100-round bursts with 
2-min cooling intervals, the velocity drop was 533 fps. 

100-Roun,d. Burst Cycle (F-1 ) . In tjhis mild schedule 
the barrel is fired i11 100-round bursts with complete 
cooling between bursts. Velocity and accuracy tar- 
gets are taken during every fifth burst and the cycle 
is repeated until a 200-fps drop in cold-velocity oc- 
curs, or a majority of the rounds fired in a. burst 
produce keyholes. 

Three stellite-lined barrels and t h e e  stecl barrels 
were fired at Aberdeen Proving Ground on this sched- 
ule using combat (APT-M8) ammunition. 21Teloci t y  
drop was the cause of end of life in both cases. Thc 
standard steel 'b~trrels showed a life of 2,500 rounds 
while the stcllitc-lincd barrels showed a life oi 7.000 

dSalnc of these samc firing schedules werc used in the test- rounds. Even on this steJlil;e-lined bat.- 
ing of nitrjded and chromium-~>lalcd caliber .50 barrels, as de- 
scribed in Sections 23.1.3 and 23.1.4. Stellite-lined barrels were rels showed nearly three times the life of a standard 
later tested on t,he CGL-350 schedule. (See Sections 24.1.3 steel barrel. The velocity loss data for these test,s is 
and 24.4.) shown graphically as Figure 8. 

Inaccurate (tumbling) bullets hit tthc t>arget paper broad- ~00-&&j ~ ~ r ~ t  cllcic (Brii7,sk Sch,ed(ule). In this 
side-on (British "B.S.O.") and produce a keyhole-shaped holc 
in the target paper instead of a round hole. severe schedule the barrel is fircd in 300-round bursts 

- with complete cooling between bursts. Cold-velocit,y 
f A "regulo,rn stellite-lined ba,rrel in this report rnerr~ns a 

caliber .50 st,eel brtrrel made to Ordnance Dra,wing NO. D-28272 measm.crnents are made at  the start of the test and 
in which a 9-in. liner (Figure 1) of investment-cait Stellite No. - 
21 has been inserted by the method dcveloped by the Cranc g I n  tests of B large number of barrels a t  Crane Company the 
Companyso (described a t  the cnd of Section 22.2.1) or by some lcngth of the initial cor~tin~~orrb burst to beriolrs 'keyholing 
equivalent method. varied between 290 rou~lds and 350 rounds. 
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after each burst. Accuracy is determined throughout 
a burst by means of a moving target. Breakdown of 
accuracy is taken as the stage at  which frequent 
tipping bullets and partial B.S.O.'s (keyholing bullets) 
commence. 

A portion of the stellite-lined barrels prepared by 
Division 1 for the British Air Commission were tested 
on this schedule. The results of on two 
barrels with AY-M2 ammunition showed a11 accuracy 
lifc of 850 and 880 rounds, respectively, as compared 
with 170 rounds (mean of ten barrels) on standard 
steel barrels. Firing mas continued on thc stellite- 
lined barrels and a 200-fps velocity drop occurred 
finally after 1,1.20 and r ,160 rounds, respectively, as 
compared t,o about 180 rounds in the standard steel 
barrels. 

Ten @-Round Bur.rts (Briti.rh Scherlule). In this 
test schedule which the British used to indicate suit- 
ability of a barrel for improved performance in fighter 
combat use, ten 40-round bursts are fired at  the be- 
ginning of eachminute. The cycle is repeated follo~~ing 
complete cooling after each 400-round group. 

A portion of the stcllitc-lined barrels prepared by 
Division 1 for the British Air Comnlission were tested 
on this s c h e d i ~ l c . ~ ~ ~ ~ " ~  The results of test on two 
barrels with AP-M2 ammunition showed an accuracy 
life of 3,560 and 4,330 rounds, respectively, as com- 
pared with only 1.90 sounds for the standard steel 
barrel. Firing was continued on the stellite-lined bar- 
rels and a 200-fps velocity drop occurred finally after 
4,300 and 5,200 rounds, respectively, as compared to 
a 400-fps velocity drop in only 240 rounds nith a 
standard stcel barrel. Such a markcd superi~rit~p of 
roughly 20 to I of stellite-lined barrels over standard 
steel barrels in a test designed to indicate the suit- 
ability of a barrel for comBz~t use in fighter planes 
showed convincingly the remarkable potentialities or' 
the stellite-lincd barrel. 

22.8.4 A.doption for Service Use 

As a result of the very favorable acceptance test 
results on the 200- stcllite-lined barrels prepared by 
Division 1 (311 thc firing schedules just described, t,he 
stellite-lined caliber .50 aircraft machirlc gun \\-as 
adopted as st,andard for Service use. At a n~ccting of 
thc Ordnancc C o ~ n r n i t t c c ~ ~  on Januarv 4, 1945 ap- 
proval \\-as given tlo recomnlendations that "Barrel 
(D-71Ci1580) having a stellite liner be approved for 
manufacture as the prefcrrcd design for use in Gun, 
Machinc, Browning, Caliber .50, M2, Aircraft, Basic ; 

Gun, Machine, Caliber .50, T36, Aircraft, Basic ; and 
Gun, Machine, Caliber .50, T25E3, Aircraft, Basic" 
and that "The Barrel Assembly presently in manu- 
factureVD-28272) be produced only in such quantity 
as may be required to balance the Army Supply 
Program, for the Gun, Machine, Caliber 50, M2, 
Aircraft, Basic; provided that production of Rarrel 
Assembly (D-28272) shall terminate at  such time as 
requirements can be met by the preferred types."' 

22.s.6 Pilot Plant Production of Barrels for 
Extended Service Tests in Combat 

The first accuracy and velocity firings on stellite- 
lined barrels by Division 1 and d l  subsequent tests 
by the Ordnance Dcpart,ment3l9 were so favorable 
that it was imperative to develop efficient means of 
manufacture and to prepare barrels for extended Ser- 
vice tests in combat areas at  the earliest possible 
moment. A very large number of regular steel barrels 
was available for modification in the fall of 1944. The 
process of inserting stellite liners in regular steel.bar- 
rels that had been developed by the Crane Companyso 
offered the best opportunity for immediate utiliz a t' ion 
of these harrels. This process is illustrated in Figure 9. 
Much of the success achieved was due to the selective 
fitting of ground liners with recessed barrels, for 
which careful gauging, such as shown in Figurc 10, 
mas requircd. 

The facilities wed at  the Crane Company (under 
Contract OEMsr-629) for making the 212 barrels for 
acceptance tests were expanded and an experimental 
prodt~ction line was set up under a separate OSRD 
co~ltract (OEMsr-1414:) to develop efficient means of 
manufacture and prepare itnd deliver 2,000 stellite- 
lined barrels for combat tcsts. This work mas com- 
pleted in slightly over 2 months on January 13, 1945, 
i~nd these facilities were then taken over by the Ord- 
nance Department under an Army production con- 
tract,. The 2,000 barrels wme widely distributed to 
different theaters of operation, especially in the Paci- 
fic meas, and tested under combat conditions. Infor- 
mal reports of these tests confirnled the great superi- 
ority ofthis barrel over the standard steel barrel. Some 
of the barrels 11-cre tested by thc Army Air 

h The standard steel barrel. 
i At this ssmc meeting of thr. Orrlnnncc Committee, the 

barrel (13-716918) having choked-muzzle chromium plate over 
a nitrided steel bore (developed by Division 1, as described in 
Chapter 23) was approved for munufacture as an nltcrnate 
standard to stellite-lined barrels. 
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pilot plant production determined the best tools, 22.3.7 Liner Salvage 
machines, 311d sequence of operations for the recess- 
ing of steel barrels, boring and rifling of thc lincrs, 
insertion of liners and, alignment of rifling of the liner 
and rifled steel bore, preparation and chambering of 
the steel retaining nut, ma,intena~lce of tolerances and 
developme~lt of suitable inspection methods at  all 
stages of the process and for the finished barrels. 
This demonstration at  the Crane Cornptmjr pilot 
plant of the prar:tic:ability of manufacture of thcse 
bsrrcls was an important contributicln to the succcss 
of the stellite-lined barrel development. 

22.3.6 %dies .to Facilitate 
Manufacturing Methods 

Because of the possibilit~y of a critical shortage of 
cobalt, the Ordnance Dep~~rtment  inform a 11. y re- 
quested Division 1 to investigate methods for the 
salvage of stellite liners from nrorn barrels. Crane 
Company investigated several rnet,hods80 and foul~d 
that (1) liners may be readily salvaged by the use of 
an oxy-acetylene cutting torch to cut Lhc steel sur- 
rounding the liner into t x o  sections (properly regu- 
lated depth of cut does not damage the liner); (2) 
pressing-out the liner 'by means of rt hydraulic press 
a t  room t,emperature is unsatisfactory bec,arlse of the 
rxcessive loads rcquircd; and (3) heating thc outsidc 
of the barrel inductively :tnd passing cold water 
through thc bore enables most liners to be removed 

- 

In order to facilitate the manufacture of stellite- manually by rneans of :I special extractor. The last 
lined baarels so that significant numbers of these method requires further st,ucly. 
b a r d s  would get into immediate combat use, and 
also to insure the best utilization of Stelljte No. 21 
as a Lore-mlrface materisl, the research :md tlevelop- 22.4 APPLICATION OF STELLITE LINER 
merit program of Division 1 inclutled studies of the TO TT-TE CALIBER a50 BARREL 
current manufacturing method and alternate rneth- Preparation of Barrels and Test Results 
ods of applying this alloy as a liner or lining as \\'ell 
as the effects of various factors, such as variations in 
chemical composition, casting methods, heat trcat- 
ment, mechanical-\vorlring, liner length, snd thick- 
ness of liner m-all, on tthe overall performance of lined 
barrels. 

In a few cascs (only t,hree \\-ere reported) the ttack 
weld, used to prcvcnt thc stccl retaining nut hehind 
the stellite liner from unscre~ving because ol the vi- 
bration during firing, \\-as brittle and the 11-eld brokc. 
I n  order to insrrrc thc rcliakility of this 11-eld, studies 
of the welding process \\.crc nlade* \vhich reslllted in 
procedures tthat gave completely satisfactory welds. 
Studies were made of the effects of grinding versus 
reaming on the surft~ce finish of the of 
stellite-steel composite linersR"to eliminate the 
need lor a retaining nut) and of the pressure bonding 
of stcllite to s t e ~ l . ~ ~  

The methods for applying Stellite No. 21 to gun 
barrels by variousinfusion, incasti.ng, and torch dcposi- 
tion met,hods have already been described (Section 
19.4.3) and alternate methods of liner insertion in- 
cluding swaging illto place, brazing, t,herrnit (A-Fin) 
bondirlg, and the Kelsey-Hayes method are described 
later (Section 26.2) when liner and other design fea- 
tures of gun tubes are discussed. Th.e effects of vari- 
ous n~etallurgical lactors on perfo~.niance have already 
been discussed in Section 1 9.4.5. 

Although the first firing tests of Stellite KO. 21 as a 
liner material Tyere conducted in a caliber .50 heavy 
machine gun barrel (see Section 22.2.2) major atten- 
tion myas given by Division 1. to  tthe appli~at~ion of this 
liner mat,erinl t,o improve the performance of the 
caliber .50 aircraft barrel because of the more urgent 
need for inunediate improvement of this light (10 lb) 
barrel. The high lcvcl of pcrlormance of stellitc-lined 
aircritft barrels described in Sections 22.3.3 and 22.2.2 
nude i t  desirable to s.scertain the effects of such a 
liner on the life and performance of thc heavy (28 lb) 
brtrrel used \\.ith thc ground machine gun. 

The Ord~lance Dcpartrnent received a request from 
Headquarters, Army Ground Forces, submitted 
through~ead~uar ters ,  Army Service Forces, for eight, 
stellite-lined heavy n1at:hina gun barrels, four of thcm 
for test by the Antiaircraft Artillery T3oard and four 
by the Infantry Board. A total of '1.5 barrels \\-as 
supplicd by Division 1 for. these tests and additiokl 
tests by tl-re Ordnance Departmc~lt, Army Service 
Forces. The r e~u1 t s~~har . e  summarized in Table 1. 
They shov-ed that inserting :z stellite liner in t,he cal- 
iber .50 heavy barrel provides a considerable illcrease 
in accuracy life and for all practical purposes under 
normal firing conditions e1iminat)es velocity drop as 
a consideration in the life of the heavy machine gun 
barrel. 



TABLE 1. Army erosion tests on caliber .50 heavy ma- 
chine gun barrels. R :  regular steel barrel; L: regular 
stecl barrel containing a 9-in. liner of investment-cast 
Stellite No. 21.2Y6 

Schedule 
Burst Cooling* 

(rounds) (min) 

100 2 

Life Reason for 
(rounds) end of life 

Tipping 
Tipping 
Tipping 
'ripping 

Keyholing 
Keyholing 

Vel. drop and 
dispersion 
Dispersion 

Vel. 
drop 
(fw) 
- 

155 
26 

183 
1 

I42 
124 
199 

2 

*Cooling in still air between bursts. 
t Five l0Wround buret@ with 1-min cooling betweell bursts blld complete 

cooling after every 500 rounds. 

22.4.2 Adoption for Service Use 

As a result of these favorable firing results on 
barrels prepared by Division I ,  the stellitc-lined cal- 
ibcr .50 heavy machine gun barrel was adopted for 
Service use. At u, meeting of the Ordnance Commit- 
~ c c ~ ~ ~ ~ ~ ~  on May 31, 1945, recommendations werc 
approved that "the barrel assembly (D-7161814) hav- 
ing a stcllitc lincr be approved for immediate manu- 
facture as the prefcrrcd design for use in Gun, Ma- 
chine, Browning, Caliber .50, M2, Heavy Barrel, and 
that these barrels be marked in a distinctive manner," 
that "the Stellite lined barrel (D-7161814) be placed 
in production as expeditiously as possible and super- 
sede the Barrel (D 28253-A) presently in manufac- 
ture," and that "The Stcllitclined barrels (D-7161814) 
be furnished one for each active calibcr .50 M2 1113 
Gun, plus sufficient spare barrels to covpr replace- 
ments." 

Shortly aftcr its adoption, contracts were award- 
ed by the Ordnance Department to Crane Company 
and several other barrel manufacturers for the mod- 
ification of regular steel heavy barrt:ls hy the inser- 
tion of 9-in. liners of investment-cast Stellite No. 21. 

22.4.3 Studies to 
Obtain Additional. Performance 

Good evidencc is presented later in this report (see 
Chapter 24) that the performance of aircraft machine 
gun barrels can be greatly cnhanccd by combinations 
of two or more of the following features (1) Stellite 
No. 21 breech liner, (2) choked-muzzle chromium 
plating of the steel bore surface  head of the liner, 

(3) changes in the weight and external contour 
(distribution of weight) of the barrel, (4) use of an 
improved barrel steel with better high-temperature 
properties than regular WD 41 50 machine gun steel, 
hnd (5) the use of internal or external barrel cooling 
methods. 

Studies werc initiated by Division 1 a.t Crane Com- 
pany to evaluate thc cffects of such combinations on 
the performance of the calibcr .50 heavy machine gun 
barrel. Thirty regular caliber .50 heavy (28 1X)) barrels 
were modified by the insertion of regular 9-in. liners 
of investment-cast Stellite No. 21 and 12 additional 
barrels were prepxed with both the liner and chokcd- 
muzzle chromium plating ahead of the liner. These 
barrels were to be used for a study of the effects of 
plate plus liner with and without variations in thc 
weight and contour. No firing tests were made on 
these barrels before the termination of the experi- 
mental work of Division 1. Crane Company contin- 
ued these studies under an Ordnance Department 
research and development contract. 

"*6 APPLICATION OF A STELLITE LINEK 
TO CALIBER -30 BARRELS 

22.5.1 Development of the 
Design and Manufacture 

As the result of an urgent request from the Army 
Ground Forces to the Ordnance Department, Divi- 
sion 1 was asked to apply a liner of Stellite No. 21 to  
caliber .30 machine gun barrels. Crane Company was 
asked to prepare a design for the application of a stel- 
lite liner to the caliber .30 aircraft mackine gun bar- 
rcl, M2, and to prepare a few barrels to test the dcsign. 
This dcsign was essentially similar to that ernploycd 
for caliber .50 barrels (see Figure 1). In this case, how- 
ever, the flangcd invcstment-c:wt liner was lighter 
and was 6 inches in overall length. Two barrels tested 
a t  the Crane firing range showed that the design was 
satisfactory and that these stellite-lined barrcls were 
far superior in accuracy and velocity life to standard 
unlined barrels testcd for comparison. Crane Com- 
pany dclivered ten additional barrels for Ordnance 
Department tests. 

I t  was desirable to supply the Ground Forres for 
immediate use improved barvels with as low a barrel 
weight as practical. Test results were needed on three 
caliber 30 barrt.1~-thosc used in aircraft M2, the 
M1919AG and the M1917A1 guns, with barrel 
weights of approximately 3.8, 4.5, and 3 lb, respec- 
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tively. The lust barrel is normally used in a water- 
cooled gun but was to be tested for use without water- 
cooling in the M1919A6 or M1919A4 gun by means 
of an adapter. To expedite early St:rvicc application 
if results of test were satisfactory, Division 1 nego- 
tiated  contract,^ with two caliber .30 barrel manufac- 
turers (Johnson Automatics Company and Reming- 
ton Arms Company) to apply a stellite liner "by a 
practical method" and deliver barrels for test by the 
Ordnmce Department. 

Each of the contractors inserted stellite liners sup- 
plied by the Haynes Stellite Conlpany in 50 aircraft 
M2 barrels, 50 M1919AB barrels, and 25 M1917A1 
barrels, and dctlivered thc lined barrels for Ordnance 
Department tests. Some preliminary testing of bar- 
rels was done by each contractor to prove up various 
new design features and indicate the order of magni- 
tude of the superiority of lined barrels over standard 
steel barrels. The designs and methods used by these 
contractors. are described, later in this report (Sec- 
tions 26.2.3 and 26.2.4) where liner and design fea- 
tures of gun tubes are discussed more fully. 

Tn addition to the efforts just described, Division I. 
cooperated with the Small Arms Division, Research 
and Development Scrvicc of thc Ordnance Depart- 
ment in the following ways. Crane Company was 
asked to insert stellite liners and deliver three barrcls 
for a Garand-type caliber .30 automatic rifle. No in- 
formation has been received by Division 1, on t,he re- 
sults of tests on these bsrrels. The Johnson Auto- 
matics Company was asked to prepare 12 lined bar- 
rels for the Johnson light machine gun M1945,4 lined 
barrels M1919A6 modified for interchangeable adap- 
tion with the M1919A4 gun using the T27 flash hider 
and muzzle cap, and G lined M1919Ati barrels mod- 
fied by maintaining the maximum dimension at  the 
breech forward to a point 2 in. beyond the liner. 

Test Kesults 

The results1" of firing tests conducted for Division 
1 a t  Johnson Automatics Company on stellite-lined 
caliber .30 rnscliine gun barrels may be summarized 
as f olloxvs : 

M2 A,ircroJl: I n  a continuous burst of 500 rounds 
at  1,200 rouncls per minute, the lined barrel was ac- 
curate throughout the 500 rounds, whereas the stand- 
ard steel barrel sho\\red complet,e keyholing a t  360 
rounds. In  250-round bursts at 1,200 rprn with 15 min 
air cooling, the lined barrel lasted 5,000 rounds, the 
standard barrel 1,200 rounds. In 300-round bursts at  

800 rpm with 2 min air cooling, the lined barrels 
lasted 950 rounds, the standard barrels 450 rounds. 

M1919A6: In  250-round bursts rtt 550 to 600 rpln 
with 2 min air cooling, the lined barrels lasted 750 to 
800 rounds, the standard barrels 350 rounds. In  100- 
round bursts with 30 sec air cooling, the lined barrel 
lasted 1,800 rounds, the standard barrel 950 rounds. 

M1917A1: When a 3-lb lined barrel was fired in 
the air-cooled M1919A4 gun with an adapter, on a 
schedule of 250-round bursts with 2 min cooling in 
comparison with the 7.5-11) heavy M1919A4 standard 
steel barrel, each barrel had a lifc of 600 rounds, but 
the lined barrel was badly bulged in this test. 

Ml919A6; Modified Contour: When two lincd bar- 
rels, further modified by maintaining the largest diam- 
cter of the breech to  s, point 2 in. beyond the liner (ad- 
ditional weight 0.5 lb) were fired in 250-round bursts 
with 2 min air cooling, they lasted over 1,150 rounds 
each as compared to 750 to 800 rounds with lined bar- 
rels of standard external contour. 

Johnswn M1945: In  continuous fire a t  a delivered 
rate of 200 rpm (cyclic rate per 20-shot bursts 750 to  
800 rprn) the lined barrel lasted over 700 rounds, the 
standard steel barrel 350 rounds. 

The results135 of firing tests conducted for Division 
1 at  Remington ~ r m s  Company may be summarized 
as follows: 

M2 AircraJ't: In 300-round bursts with 2 nlin cool- 
ing, 13 lined barrels showed an average accuracy life 
of 1,243 rounds. The poorest barrel had a life of 663 
rounds and the best barrels had not lost accuracy 
when firing was discontinued after 2,000 rounds. In 
comparison, :I 1 standard steel barrels averaged 486 
rounds accuracy life on this schedule (poorest 400, 
best 726 rounds). 

M1917AI: Seven lined barrels when fired in the 
M1917Al water-cooled gun with no water in the 
jacket on the schedule of 300-round bursts with 2 ~ n i n  
cooling gave a life of between 300 and 600rounds 
(average 483 rounds). These barrels all failed due to 
bulging of the barrel at  the muzzle end of the liner. 
The standard stcel barrels failed for accuracy be- 
tween 230 and 440 rounds (average 312). Improved 
perfornlance (average accuracy life 635 rounds) and 
no bulging occurred in a test of four lined barrcls pre- 
pared with a straight cylindrical stellite liner. with 
0.430-in. outside diitmet,er. 

The results of Ordnance Department  test^^^,"^ on 
the stellite-lined I~11.919AG barrels are given here as 
Table 2. These data indicate t,hat the stellite-lined 
caliber .30 barrel has an accuracy life two to three 
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TABLE 2. S ~ ~ m m a r y  OF result of Ordnance Department 
firing tests of stellite-lined caliber .30 machine gun 
barrels, M1919AG, supplied by Division 1, NURC, 
compared with unlined barrels. 

Firing cycle Kind Number Accuracy- Velocity 
Burst Cooling* of barrels liiet cba~lge 

(rounds) (sec) barrel fired (rounds) (fps) 

20 10 Lined 2 1700 +3l 
Unlined 3 613 -55 

200 120 Lined 2 10SO 
Unlined 3 583 

300 120 Lined 5 789 +46 
Unlined 3 448 -SO 

400 120 T,ined 2 720 
Unlined 2 380 

* In #till air. 
t Rounds to  scrious kcyholina. 

times as great as that of the regular steel barrel. 
Furthermore, the lined barrels suflered no permanent 
loss in velocity but instead an appreciable increase 
even though the firing schedules used were extremely 
severe. In all tests the functioning of the guns was 
normal. 

Just as in caliber .50 aircraft machine gun barrels 
(see Section 22.3.3) calibcr .30 bar'rels with liners 
show a greater improvement over standard steel bar- 
rels on severe firing schedules than on mild schedules, 
although even on mild schedules the improvement is 
substantial. 

22.5.s Adoption 01 Lined M1919A.6 Barrel 
for Service 'Use 

As a result of the very favorable test results on the 
stellite-lined caliber .30 M1919AB barrels delivered 
by Division 1, this barrcl was adopted for Service use. 
At a meeting of the 0rd.nance Cornmittee2Y7,2Y8 onJuly 
26, 1945, recolnmendations were made and :*pproved 
that '(The Barrel Assembly (Drawing No. D-7162295) 
having a Sttellite liner be approved for immediate 
manufacture as the preferred design for use in Gun, 
Mschine, Caliber 30,  Bro\vning, M191.9A.6, m d  that 
these barrels be marked in a diatinctive manner, and 
issued with highest priority to urfits now in combat," 
that "The Stcllite-lined Barrel (D-7162295) be placed 
in production as espeditiously as possiblc and super- 
sede the Barreli (D-54559) presently in ma~n~fa~cturc," 
:~nd that "The Stellite-lined barrels (D-71.62295) be 
furnished one for each active M1919AG caliber .30 
Machine Gun, plus sufficient spare barrels to cover 

j Stan&.rd steel barrel for caliber .30 gun M1019AB. 

replacements." Plans for large-scale manulacture 
were initiated but were not carried out owing to cut- 
backs in the procurement program following V-J Day. 

Although the performance of the caliber .30 ma- 
chine gun barrel, aircraft, M2, was substantially in- 
crcascd by the use of a stellite liner, this weapon w-as 
obsolete for aircraft a,rnl,zment and had been sup- 
planted by the caliber .50 :iircraft machine gun. kvith 
its superior fire power. The immediate use of caliber 
.30 aircraft barrels by Ground Forces would require a 
modification of mounts and would necessitate :L large 
procurement and supply progra,m for guns, mounts 
and other accessories and dclay the use of improved 
barrels by Ground Forces in cornhat. Thc tcsts on the 
very light (3 lb) calibcr .30 M191781 barrel with a 
liner had shown failure by bulging due to overheating, 
aggravated by the thinness of the steel barrel wall at  
the forward end of the liner. 

Stuclies of the app1ical;ion of the stellite liner to 
automatic rifles and other caliber .30 barrels was con- 
tinued by the Ordnance Department at  Crane Com- 
pany after Division 1,'s contract wa,s terminated. 

22.6 .G.PPTATCATION OF A STELLTTE LINER 
TO THE CALIBER .60 BARREL 

21.6.1 Design and Performance 

Drrring World War 11, the Ordnance Department 
was developing a new aircraft machine gun with a. 
caliber .60 bore, a high cyclic rate of fire, snd a very 
high projectile velocity (slightly above 3,500 fps) to 
deliver more fire power at  higher. velocities than in 
any previous aircraft weapons. In  early tests the 
Ordnance Department Souncl that steel barrels would 
survive only a few hundred rounds owing to severe 
breech el-osion and very rapid loss in velocity life. 
Since a consideral~le improvement in barrel life was 
imper~~t~ive in order t,o make the wcapon practical, 
the Ordnance Department requested Division 1. to  
apply :I stellite liner to this barrel. 

Crane Company suggested a design for the i.nser- 
tion of a 12-in. length flanged breech liner of Stellite 
No. 21 on a shrink-lit, a design essenti~~lly similar to 
that successfully used in the caliber .50 aircralt, ma- 
chine gun br~rrel (see Section 22.2) arid prepared 
some lined barrcls. Tests at  Aberdeen Proving 
Ground of thc first two lined barrels showed the 
outstanding performance of these barrcls. On the 
samc tcst schedulc as previously used on regular 
steel barrels for this gun., :a.fter 500 rounds (standard 
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ammunition with IMR powder) a velocity drop of 
only 30 fps occurred with the lined barrels instead 
of one of 400 fps which had been cncountcred with 
steel barrels. Also on this schedule the lined barrels 
showed a 2004ps velocity drop only after about 
2,000 rounds. No inaccuracy was encountered. Thus 
the use of a stellite liner in this barrel increased the 
life about sixfold on a mild schedule and-made pos- 
sible the firing of SO-round bursts, which were en- 
Grely too severe for a steel barrel. Crane Company 
prepared and delivered a total of 70 stcllite-lined 
barrels for this gun, some of them with fluted 
chambers as described below. The stellite-lined barrel 
completely supplanted steei barrels for this weapon. 

In addition to the regular caliber A0 barrels, Divi- 
sion 1 cooperated with the Ordnance Department by 
having Crane Company insert stellite liners into six 
Mann barrels (three of which were provided with cut 
flutes in the chambers) for tests at Frankford Arsenal 
to determinc the effect of erosion ahead of the liner on 
the performance of explosive ammunition and on 
liners inserted in two barrels of an cspcrimcntal mod- 
el, caliber .C;O, T2lW Difficulties with ammunition 
prevented the satisfactory testing of t,hese last two 
barrels. 

In view of the success obtained wit,h caliber .50 air- 
craft barrels by a combination of stellite liner with 
chromium-plating ahead of the liner (described in 
Chapter 24), two caliber .BO barrels were prepared 
with both a stcllite liner and chromium plate ahead of 
the liner, and delivered to the Ordnance Department. 

22.6.2 Chamber %lu-ting 

Difficulties with the gun mechanism and ammuni- 
tion prevented early Service use of caliber .GO barrels 
with a liner. During the firing of caliber .GO barrclsk 
considerable difficulty with extraction of cartridge 
cases was encountered. l’hc Ordnance Department 
found it necessary to provide longit.udinal Aut,es in 
t,he forward half of the chamber to admit gas behind 
the cartridge case to aid in releasing it adter firing. 

k All firing tests on caliber .HO hr~+l~ wew conch&t1 by the 
Ordnance Department rind none n-ere made by Division 1, 
N DR.C, who supplicil lined barrch for teal. 

J?ifty-three of the total 70 lined barrels delivcrccl for 
test by Crane Company just described wcrc fitted 
with steel rekning nuts made from the fluted cham- 
bers of regular steel barrels. The chamber section of 
the liners in these barrels were fluted by a punch-type 
of tool, and the retainers of all but the first two bar- 
rels were pinned to prevent rotation. + 

During the testing of lined barrels with fluted 
chambers, it beca,me evident that the number and 
depth of flutes then being used mere not necessarily 
the most suitable for t#he purpose and that there was 
an urgent riced for furt,her tests to determine optimum 
flute dimensions. Crane Company designed and con- 
structed a special hand-oporatecl fluting tool with 
which the flute dimensions could be varied at will. In 
t,ests at Aberdeen Proving Ground of flutes in ten un- 
‘lined barrels prepared at Crane Company by t,he use 
of this tool, only the barrels with 16 flutes O.OdO-in. 
deep could be extracted ~\iithout failure. Subsequently 
lined barrels with similar flutes wcrc sent to the 
Ordnance Department for test. 

22.6.3 J,,incq with Jntegral Chamber 

Machining difficulties encountered in fluting of 
composite steel-stellite chambers and difficulties with 
the erosion that, ws found to occur in fluted steel 
chambers led to the design at Crane Company of an 
integral liner and chamber made of investment-cast 
Stellite No. 21. In this design the liner flange or 
shoulder is extended to the breech end of the barrel 
and no steel retainer is used. This design should have 
the advantages of easier fluting, no joint in the c‘ham- 
her, erosion-resistant flutes, simplified machining 
through eliminat,ion of the retainer, possibility oi 
precision casting the flutes into the chamber, and 
the possibility of eliminating t,he flutes entirely 
because of the lower cocficient, of friction of stellite. 
Investment-cast liners J\-ere prepared by the FTayncs 
Stellite Company under Contract OEMsr-1330 and 
delivered t)o Crane Company for insertion into caliber 
.GO barrels under Cont,ract OEMsr-629. The prepara- 
t,ion of the lined barrels was started but not com- 
pleted bcforc termination of espcrimcntal x-or6 by 
Division I. Some of these barrels should be com- 
plctcd and tested. 



Chapter 23 

NITRIDED AND CHROMIUM-PLATED MACHINE GUN BARRELSn 

''-' DEVELOPMENT OF THE NITRIDED, 
CHROMIUM-PLATED CAJLl3ER -50 AIR- 

CRAFT BARREL WITH CHOKED MUZZLE 
23.1.1 Introduction 

D IVISION 1 pursued two parallel problems for the 
impro~ement of machine gun barrels by the ap- 

plication of erosion-resistant materials. The devclop- 
ment of barrels with a stcllitc liner has just been 
described in Chapter 22. Similar success with caliber 
.50 aircraft barrels was achieved by use of chromi- 
um electroplate on a hardened steel bore. The de- 
velopment by the Geophysical Laboratory and the 
National Bureau of Standards of the nitrided, chronli- 
um-plated caliber .50 aircraft barrcl with a choked 
muzzle is described in this chapter. Both barrels were 
adopted2"JQ0 a t  the same time to supersede the reg- 
ular steel barrcl for Service use, the stellite-lined as 
the preferred barrel and the nitrided and chrornium- 
plated barrel as an alternate. The need of our Air 
Forces and those of our allies for an improved caliber 
..50 aircraft barrel which would fire accurately 
throughout long bursts of rapid fire is discussed in 
Chapter 22. 

As soon as Division 1 became fully aware of this 
need, which was early in 1944, the devclopment of 
the two types of improved barrels was initiated and 
proceeded rapidly as a result of its previous research 
on the fundamental aspects of erosion of steel and 
chromium-plated steel guns and on means of mitigat- 
ing erosion by thc use of erosion-resistant materials. 
Pilot plant production of t h ~  improved barrels was 
undertakcn by the W. B. Sarvis CO.,~ as described in 
Chapter 25. 

Experiments with plated steel lincrs in the caliber 
.50 heavy barrcld showed that if chromium plate, 

which has excellent erosion resistance, was to remain 
near the origin of rifling long enough to improve the 
velocity-lifc of this barrel, the metal of the lands 
under the chromium had to bc more resistant to 
swaging (Section 10.5.3.) than WD 4150 
Improvement in this respect was obtained by harden- 
ing this same steel by nitriding. One big advantage of 
using WD 4150 steel in the development of improved 
barrels was that a large stockpile of barrels made of 
this steel was on hand. By nitriding and properly 
chromium-plating them, an improved barrel could 
therefore be obtained through the use of existing 
stocks. 

Experiments with plated steel lincrs in the heavy 
barrel had shown that the softer, LC (low contrac- 
tion) chromium resistcd removal better than the 
hard, I-IC (high contraction) chromium," as mcn- 
tioned in Section 16.3.8. Adhesion of this soft plate to 
steel, however, when applied to  the full length of the 
aircraft barrel, was never consistently good, and i t  
was removed from the bore as rapidly, or often more 
rapidly, than the hard chromium, which was there- 
fore standardized for the aircraft barrel. 

Inasmuch as neither nitriding nor chromium-plat- 
ing involved critical processes or materials, i t  was 
decided to treat the full length of the aircraft barrel 
rather than use a liner. Thc principal steps in the 
process of transforming a standard, steel caliber .50 
machine gun barrcl into a nitrided and chromium- 
platcd barrel with a choked muzzlc are illustrated in 
Figure I. 

It was found that the main improvement of this 
aircraft barrel was in accuracy-life, as is brought out 
in Section 23.1.4. The accuracy-life was improved 
largely because the muzzle section of the bore was 
choked and because this choke remained on firing 
owing to the lack of erosion of the chromium surface. 

This chapter has been prepared by C. A. Marsh by ar- In addition, the velocity-lifc was improved when rangenlent of appropriate sections from NDItC Report 
A-40g81 bv E. F. Osborn. followinz an outlirle su~gcsted bv severe firing schedules were used because chromi- - -... 
J. I?. ~chi i rer .  um stayed on the bore surface at the origin of - 

IJ Petrologist, Geophysical T~aboratory, Carnegie l~~st i tut ion rifing long enough to serve as a protection to the 
of Washington. (Present address: Department of Earth 8ci- 
enccs, Pennsylvania State College, State Collcge, Pa.) steel, and because nitriding of the steel minimized 

Now the Jarvis Division of the Doehler-Jarvis Corporation. swaging of the lands. 

d " l l a v y "  and ''~~ircrfift,'' caliber .50 ban& are defined in For the properties of the different types of chromium plat,? 
Section 11.2.2. see Section 20.2.2. 
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NITRIDING 
TO HARDEN 

THE BORE 

ELECTROPOLISHING CHROMIUM PLATING 
THE BORE THE BORE 

Tapered thickness to 
(give o chohed muzzle) 

, 

STANDARD FINISHED 
STEEL M G BARREL 

F r ~ m t ~ .  1. Thc process of making a, nitridcd and chromium-platcd caliber .50 machine gun brt1.~1. 

~ t . i . 2  Development of Specifications for 
Nitrided and Chromium-Plated Barrels 

Interior dimensions of the finished nitrided, chro- 
mium-plated barrels were continually changed as re- 
search continued, the changes being made either t o  
improve the performance of the barrel or to simplify 
production where the change did not adversely affect 
performance. The trend of the changes mas to de- 
crease the bore diameter a t  thc ~nuzde  and to in- 
crease i t  a t  the breech, and to increase the tolerance 
a t  the muzzlc cnd. The develop~nent of the final spec- 
ifications for dimensions is given in detail in Section 
25.2.2. 

Nitriding of the barrels TVUS done by both gas 
(ammonia) and liquid-immersion methods, the for- 
mer being used exclusively in production during the 
war. Rcscarch was done on various tinlcs and tem- 
peratures of nitriding.109J10 Nitriding, by a c,g~cle 
common nt the Link Bclt Company, Philadelphia, 
mas :~(Iopted as bcing satisfactory. The barrels, stnnd- 
ing verticallj-, were held a t  950 F fur 38 hr. All sur- 

faces of the burrel \\-ere nitrided. The hard case on 
the outside was actually a slight advantage, adding a 
little strength to the barrel. The incidental nitriding 
of t,he breech threads or the chamber was found to  be 
no disadvantage. 

Before nitriding, the barrel was cleaned free of 
grease and decoppered if i t  had been proof-fired. 
Later, the barrels to be chromium plated at  the pilot 
plant described in Chapter 25 were also ttested for 
hardness and straightness prior to nitriding; if the 
hardness on the outside was below 28 lZockwel1 C, 
the barrel was not used. In  the initial experimental 
plating a stress-relieving procedure preceding nitrid- 
ing was used, but this was abandoned when i t  m-as 
found to be of no significant advantage. 

Inasmuch as nitriding processes differ somewhat 
from plant to plant, and the initial hardness and com- 
position of the s t e ~ l  affects the hardness and depth of 
thc case, i t  mas desirable t o  set up a specification 
rcgarding these tj\~-o charac,teristics of a case. 

In general, thc higlwr the initial, or core, hardness 
of the steel, the harder is the case, both near the sur- 
face and a t  depth. The carbon content also aflccts thc 
hardness. For initial h:lrdness of 2 9  and 36 Rock~\lell 
C, the hardness of the case at 0.001 in. below the sur- 
fitcc is of the order of 500 and 650 n~icrovickers, 
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respectively, for WD 4150 steel nitrided 38 hr at  
950 F. 

Mea.surements -to determine hardness ant1 depth of 
case mere made using the Eberbach microvickcrs 
hardness t e ~ t e r . " ~  Using a polished cross scction of 
the 1)8rrel, a hardness profile of the citse was obtained. 
A typical hardness profile ai't,cr nitriding 38 hr in 
ammonia is shown in Figure 2. The tentative specifi- 
cation set up was that the hardness should be s 
minimum of 500 VPN at  a dept,h of 0.001 to 0.002 in. 
inelow the surface, and a minimum ol 400 VPN at  a 
depth of 0.010 in. 

DISTANCE FROM BORE IN  INCHES 

FIGURE 2. Hardness prolilc of nitrided case in a caliber 
.50 barrel belore firing. -Barrel No. T12-J45, nittided 38 
hours in  ammonia by Lirlk Belt Compe,ny. (This figure 
had accompanied the manuscript of NDBC Report 
A-409 hut was not reproduced ~-il;h t)hat report.) 

The procedure for clectropolishing and chromium- 
plating caliber .50 aircraft basrels to give the borc 
di.mensions and thickness and quality of chromium 
which were desired mas 1)-orked out largely by the 
E1ectrochemic:~l Section a t  thc National Burea ,~~ of 
StandardsR4 and is described in Chapter 20. Improve- 
ments wcrc made by the Doehler-Jarvis Chrporation 
during the pilot-plant stage in \vhich itn extensive 
research program was carried out to try to evaluate 
the importsnce of various steps in the plating proced- 
ure. Before large-scale production got under \yay 
nith the ti.ttendant, necessary fre~zing of the pro- 
cedure, it was desirable to eliminate all steps found to 
be unnecessary, cllange any of the steps in, the dire(.- 

tion of improving the adhesion of the chromium, and 
evduute the criticalness ol thc various specifications. 
On the basis of this rcscarch, described in Scction 
25.2, thc -final specifications and procedure were 
cstablished. 

23.1.3 Firing Tests  

Firing schedules are always a compromise i l  one 
wants to obtain all possible information on a barrel. 
If, for example, one fires a coritinuous burst to Ircy- 
holing,~ he learns only a t  \\hat stagc bullets begin to 
keyhole. Inasmuch as the test is not iatcrr~xpt;cd until 
the barrel is essentially worn out, thcrc is no chance 
for observing progressive erosion in the barrel and for 
obtaining other vitluable information. 

In general, a t)arrcl should be fired in a manner sini- 
ilar to its use in combat. Rut this is not always prac- 
ticable or even dcsirable for several reasons: (I)  Jt  is 
very difficult to decide how it gun is tIypically fircd in 
combat; the sa,me gun may bc: fired very differently, 
for r:xample, on an air-to-ground mission than on an 
air-to-air mission, or on the same type of mission in 
different theaters; (2) a testing schedule has to be 
one that can he executed in a short time; (3) a firing 
schedule has to he arranged so th.at observations can 
be made during-thc progress of t,he test, and many of 
these observations can be made only on the cold 
barrel. 

Consequently, there arc valid objections raised t,o 
cvcry firing schedule. One has first to decide what i t  
is most necessary t,o test in a barrel, then by t,rial find 
a schedule which will do this reasonably \veil and a t  
the same time meet the requirements that it not be 
too far removed from l-~attlc practice an.d tthat it per- 
mit obtaining as much desirable ~dditional inlorma- 
tion on the performance of the barrel as possible. 

In  all, 13 different firing schedules were used by the 
Geophysical Laboratory as thc need arose at  various 
times during its program for comparing caliber .50 
barrels, and a few other tests such as a 500-round 
burst were used lor special barrels. Each of the firing 
schedules was given an identifying symbol, such :ts 
5 X 100 (2). The schedules will be briefly describcd 

'Some of these sanlc firing schl-:dulcs were user1 in the lest- 
jng of stellitc-lined caliber -50 barrels, with the results givcn 
in Sectior~ 22.3.3. 

R See footnote (e) in Chapter 22. 
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TIME IN SECONDS 

FIGWE 3. Ter~~per:r.(ure-I,j~~~e cu~.vcs ohtuincd during firing of GL1.35 srlledulc (400 rouhrls) in a caliber .50 heavj- 
barre,l. (Kol,e: Kun1l.w of rounds in a l>ul.st ~IIOIITI hq- sralc in upper left of graph.) (Figu1.e 5 in XJ3R.C H.eport A-409.) 

below, and then later they will be referred to only by of burst and intcrval bctx-cen bursts being eshab- 
symbol. lished so that in thc strtndarcl X):trrel the tempera,ture 

GTJ-1.95 Sch,edule. This was t,he first schedule stand- a t  the point near the origin of borc \\-ould remain, 
ardized and it was used only for testing hea,vy bar- nft,er the initial burst, between 450 and 500 C:. Other 
rels. This schedule was not intended necessarily to points in the barrel w-ould not, of course, necessarily 
bear any relation to t,he manner in which the caliber remain a t  a constnnt temperature. 7Fempcraturc-: 
.50 heavy barrel gun \\-as lired in combat, but was curves lor various points in thc barrel during this 
carried out to obtain information on erosion ~vhich firing schedule are sho\vn in Figurc 3. 
might be applicable to large antiaircraft guns. I t  uras 5 X 50 (1)  Schedzcle. A 250-round group was fired, 
dcsircd ( I )  to hare as many of the rounds as feasible consisting of five 50-round bursts, onc burst being 
psss through the barrel vhile it was approximat~elv at  fired each minute. The barrel was cooled t80 arrilnient 
constant temperature; (2) t o  \\-ear out a standard temperature and t,he schedule repeated. 
si;eel barrel mit,hin a reasonable time, the rejection 5 X 100 ( 1 )  iSchedule. Same as above except that 
limit being set a,t a 200-fps drop in velocity, anti (3) 100-round bursts were used insttead of 50-round 
to have the rounds fired in several similar groups of burst,s. 
bursts so that four or five times during tlle t,est, the 5 X 190 (1)  Sched,ule. Same as ahove except 1120- 
barrel could be cooled for esanlination and for round bl~rsts wcrc nscd. This schedule, used for lleavy 
gauging. barrels, is comparable from the standpoint of barrel 

After sevcral firing t,riftls of barrels cyuippctd with temperature to the 5 X 100 (2) schedule in an ail,- 
thcrmocouplcs Ior nleasuring the temperature during craft barrel. 
firing :it a point $(&in. from the bore surface at  the 5 X 100 (2)  ,Schedule. Groups of fivc 100-round 
origin ol' bore, as described in Section 5.3.6, it was de- bursts \\-ere fired ui th an interval ol 2 min between 
cidecl to fire groups of -100 rounds to a t,otal of 2,000 the end of each burst and the beyinning of the next, 
rouncls. Each group consisted of an initial 1:35-rountl except that complete cooling to ambient ternperatwe 
burst follou-etl hy a series of shorter bursts, the length \\;as allo\ved X)et,\veen groups. 

I " " I " "  " " I " "  ~ " " " ' " ~ ' " ' 1 " "  1 ' '  
600 7 13, *ii ;;;;l;;lilli;;;;;;;;;;;;;+iiili ii ii i i i  i i  i i ii! - 

4 5 5 5  I 
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10 X 40 (1) Schedule. In this schedule, used com- 
monly by the British, ten 40-round bursts were fircd 
a t  1-min intervals. The barrel was cooled and the 
schedule repeated. 

20 X 96 (3) Schedule.  Twenty 25-round bursts were 
fired a t  intervals of 3 min. The barrel was cooled to 
ambient temperature and the schedule repeated. 

1 X 500 Xchedule. A single 300-round burst was 
fired, the barrel cooled to ambient temperatmc, and 
the burst repeatcd. 

1 X 150 Schedule. Same as above but with a 150- 
round burst. 

J X 100 Schedule. Same as above, but with a 100- 
round burst. 

CCL450 Schedule. This schedule consisted of an 
initial 350-round burst followed, after the barrel was 
cooled to ambient temperature, by a series of 5 X 100 
(2) groups. The "CGL" stands for Crane-Geophysical 
Laboratory. The schedule, the development of which 
is described in Section 24.1.3, was used almost ex- 
clusivcly by these two contractors of Division 1 dur- 
ing thc last few months of the war in testing the 
"cornhination" calibcr .50 aircraft barrels described 
in Chapter 24. 

0 BURST AMMUNITION AP-M2 LOT TW 19031 

BURST AMMUNITION AP-MP LOT M 29558 

ALL BARRELS FIRED 5x100 (21 SCHEDULE 
100 I I I I I 

0 0 

0 o FIGIJRE 5. Targcts for nitrided, chromiuxrl-plated cal- 
iber .50 aircraft barrel No. 49, during t,he third erosion 

UI P O 0 0  o ,  group. (This figure had accompanied the manuscript of 
NDRC Report A-409 but was not reproduced with that z 

t report.) 

CYCLIC RATE IN ROUNDS PER MIMUTE - 

FIGURE 4. Change in muzzle velocity versus cyclic rate 
for nitrided, chrorniu~n-plated caliber .50 aircraft. barrels 
with choked muzzles, bed with two different lot,s ol 
ammunition. (Figure 1.9 in NDRC Report A-438.) 

C-1  schedule.^ The barrel was fired continuously 
until serious keyholing of the bullets occurred. 

B-1 Schedule." The barrel was fired in 1.00-round 
bursts separated by 2-min intervals until serious key- 
holing of the bullets occurred. 

The type of caliber .50 ammunition used in testing 
depended on the object of the test. The following are 
tlie standard types that \Yere used: ball-M2; ar- 
mor piercing, AP-M2; armor piercing incendiary, 
API-M8 a1ldAP1-M8ElI ; incendiary, I-MI, I-MlEl,  

"he bchavior of standard steel barrels when fired according 
to this schcd~lle, which is an Army Ordnance Department 
schedule, is described in Section 22.3.3. 
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sible a.comparison of different barrels, a single type of 
ammunition and if possible a single lot of that am- 

RDS 2755-[RDS 2 8 0 5 - ~ R O S  2 8 5 5 1  ---- . -- ---- - 

munition should be used. A LL~;ombat,'l load, where 
two or three tvpes of ammunition are used, js not t o  

- - - * -  be recommended. Either ball-M2 or AP-M2 ammuni- 
I Ras ,inq-l ROS 2945- tion ~vas used in most of the testing of chromiurn- 

- 

platecl barrels. Even with AP-M2 ammunition, u 
one might, expect very little v:tritttion from lot tc 
considerable vltriation IVLLS found.llu Figure 4 j 

.here 
3 lot, 
illus- 

trates the effect of two factors on velocity drop. The 
plot of cyclic rate against velocity change possibly 
shows but slight c~rrelat~ion between rate of fire and 
velocity change. There is, however, a definite cor- 
relation het,\\*een lot of ammunition and velocity 
drop. . . 

Velocity measurements were made nt the begin- 
ning of and at  various stages during thc firing tests by 
mcans of Sberdeen chronographs with screens at 25 
and 75 It  from the muzzle. Both hot and cold veloc- 
ities were detcrrllincd. Thc former refer to measure- 
ments taken a t  thc cnd d a burst before the barrel 
was sllov-ed to cool, mldc the latter refer to measure- 
ments with thc barrel at  ambient temperature. The 
rounds usccl for dctcrmining the cold velocities were 
held at  a constant tempcrature I'or a minimum of 16 
hr preceding the test in orclcr to eliminate the effect 

Frorm~ 6. Targets for nit,ridcd, chromium-plated cal-- of differences in the initial powder temperature on 
iber .50 aircraft barrel No. 49:durine t,he eleventh and 

. .  - 
tn tblft 11 rroxlorl grou1)k. (This figure hnd accumpauied 
the manuscript of SL)RC Report A 4 0 8  L r ~ t  was nut rc- 
producetl H 1111 that r(,~)urt ) 

and I-M23 (experimental I-T48) tracer, Tr-MI, 
Tr-MlO, and Tr-MlOEl Rounds designated by the 
suffix "El" were loaded uith double!-base powder 
containing 20y0 nitroglycerin, whereas all the others 
were loaded with a single-base po\i-cler, namely 
IMR 5010, which is less erosive than the double- 
base powder. Several types of specially loadcd am- 
munition were dso  used in some tcst;s. 

The bullets in these rounds of arnm~nit~ion have 
gilding metal jackets, annealed or unannealed. Their 
different types of con~truct~ion affcct their resistlance 
to engraving, and thus had a per~ept~ihle effect on the 
rate of erosion of the barrels that were tested. Thc 
melti~le and softening of the iackets at  the tcm~era-  

f -* 
' 9 .  '- . 

ROS 22-71 RDS 72- 121 R O S  122-171 

R D S  172-221 RDS 222-271 

- - " 
tures attained during firing long bIxrsts may definitely FIGURE 7. Targets for st)andard, caliber .50 aircraft 

bxrrcl Ko. 58, during the first erosion group. ('This fig- 
limit machine gun perform:tncc. ure had accornpnuied the ~~lrtnuscript of KTlR.C R.eport 

Whenever it is desired to make as accu~.al;e as pos- A-409 but was not reproduced with that report.) 
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FIGURE 8. Targ&i,s for standard calihcr .50 aircraft bar- barrel No. 237. Bullet,s hega~i keyholing in the second 
re1 No. 58, during the second erosion group. (This 100-round burst,. (Figure G in NURC Report A-409.) 
figurc had accompanied the rnanuscripl; of NDRC Rc- 
port A-409 but was not; reproduced wit,ll that, report.) 

velocity of the bullet. They were fired after five 
warm-up rounds. 

Targets. The two principal measurements were dis- 
persion, or size of target, and yaw of bullets, or angle 
bet,ween fixis of bullet ftrld direction of flight. The 
standard distance from muzzle to target was 1.,000 in. 
A sccond target mas sometimes placed at, 2,000 in. 
For most firing tests, fixed targets were used. Hence, 
during the firing of schedules lilrc 5 X 50 (I) ,  5 X 100 
(2), and B-1, a new target mas set up for each burst. 
Figures 5 through 10 are photographs of examples of 
such targets. 

A moving screen was used whenever. it mas desired 
to know just what rounds- in a burst "tipped" or 
"keyholed." In the recol-ding of data, a yaw of 20 de- 
grees, for which the length of hole is 1 in., was arbi- 
trarily set mp as a critical measurement, and the tar- 
get holes were recorded as being made by bullets hav- 
ing a yaw of either less than or greater than 20 de- 
grees. "Tippers" may have a yaw anglc lcss than this. 

FIGURE 1.0. Targcts for ~litrided, chromium-plated 
caliber .50 rtircrafl; barrel No. JN3. (.Figure 7 iri  NDRC 
Report A-409.) 
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Almost as interesting as the long accuracy-life was 
the consistency of performance of the barrels. 

Barrels Fzred on Mild Schedule. Barrel No. 49 was 
thr  first successful barrel of this type.' I t  was fired on 
thc 5 X 50 (1) schedule approximately 4,000 rounds 
before i t  was decided to stop the test. The accuracy 
of thc barrel was better on the last firing than on the 
first. Tn comparison, the accuracy of a standard bar- 
rel, such as No. 58, broke down at  about 180 rounds 
during thc firing of the first group, and at  90 rounds 
during thc firing of the second group. Representative 
targets of barrels 49 and 58 are shown as follows: 
Figure 5 is in the third groupj and Figure 6 in the 
eleventh and twelfth groups fired in barrel 49. Figure 
7 represents the first group, and Figure 8 thc second 
group fired in barrel 58. 

ICeyholing bullets are those which are unstable be- 
cause of improper engaging of the lands. This occurs 
if thc land diameter is too great or if the longitudinal 
profile of the lands has the wrong shape. The land 
diamcter increases permanently by erosion and swag- 
ing, and temporarily by thermal expansion as the 
barrel heats up. 

Erosion and swaging were minimized in these bar- 
rels by chromium-plating and nitriding, respectively. 
In  Figure 12 are shown star gauge curves of a barrel 
nitridcd and chromium-plated (No. 49), a barrel just 
chromium-plated (No. 61)) and a standard barrel 
(No. 58)) all fired the 5 %  50 (1) schedule. After 
one group, t,hc land diameter of barrel No. 58 was in- 
creased throughout its length. After eight groups, the 
land diameter of barrel No. 49 was not incrcascd ex- 
crpt in the region whcrc the chromium had been re- 
moved (breechward of 1 G  in. from the breech). 
Furthermore, after firing, the lands in barrel No. 49 
reached their full height abruptly, whereas those of 
No. 58 rose to approximately full height over a loilg 
section. An abrupt rise ol the lands promotes good 
engraving of the jacket of the bullet. 

Barrels Fired on the Usual Morr  severe Testing Xched- 
u,les. In  Figures 9 and 10 are shownphotographs of typi- 
cal targets obtained on firing the 5 X 100 (2) schedule. 
The bullets fired from the standard barrel, No. 237,1°9 
bcgan keyholing in the second 100-round burst, whilc 
thc nitrided, chromium-plated barrel with choked 

muzzle, No. JN3, fired no keyholing rounds in the 
ten bursts fired. 

At the Purdue University range of the Army Ord- 
nance Department, the nitrided, chromium-plated 
barrels with choked muzzles were fircd with "combat 
ammunition" on the B-1 and C-1 schedules to 100 per 
cent keyholing31Y and compared with thc standard 
barrel. The results arc shown in Table 1. 

TARLE 1. Pclformrtnce of caliber .50 aircraft barrels 
fired B-1. and C-1 schedules at  Purdue University, using 
combat ammunition. * 

Average 
No. of Typc rounds to 
barrels of 100 per cent 

Type of barrel tested test keyholing 

Standard steel (D28272) t 10 C-1 167 
5 B-l 230 

Chromium-plated, with choked 14 C-1 293 
muzzle, not nitrided 14 B-1 507 

Nit,ridcd, chromium-plated, with 6 C-1 319 
choked muzzle (D7162011) t 5 B-1 1098 

Stellite-lined near breech 6 C-l 295 
(D7161580) t 5 B-I. 455 

* ZAPI-M8, 2 1-MI, and 1 Tr-M10 in each five rounds. 
f Army drnnir~g number. 

Advantage of Choked Muzzle. The effect of thermal 
expansion in reducing the ability of the lands to en- 
grave the bullet adequately was minirnizcd by the 
choked muzzle. If a barrel is choked to a diamcter of 
0.494 in., a temperature of about 800 C is required to 
expand this bore to the nominal diameter of a caliber 
.50 barrel-0.500 in. Choking the bore of a caliber .50 
barrel over u length of only about a foot a t  the muz- 
zle is sufficient. A caliber .50 AP-M2 bullet can en- 
gage abruptly rising, full-height lands, without seri- 
ous slipping, when traveling almost s t  muzzle veloc- 
ity. Barrels were tried whose bore dismeter over the 
full length was reduccd t,o 0.495 in. by chromium 
plating. Thcy had no better accuracy-life than those 
choked only near the muzzle. There was no particular 
advantage in the taper, xs such, hat  it was a conven- 
ient way to get a choked muzzle and at, the same 
time a large enough bore a t  the breech to prcvcnt thc 
devclopment of excessive pressures. 

' Detailed data on barrcls No. 49 and No. 58 may be found 
elsewhere.lO" VELOCITY-LIFE 

j Warm-lip and velocity rounds account for the [act that ttkc 
total rounds shown on the target photog~aphs are not divisible Gweral fila(emen,l. The Army Air Corps UScS a drop 
by 250. of 200 fps in cold velocity as a criterion for rejecting a 
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worn barrel. The number of rounds a barrel can firc ' If the initial velocity is to be maintainc-:d, there 
on a given schedule before its cold velocity has must be no decrease in thc resistance of the bullets 
dropped 200 fps is therefore considered its velocity- to move which mould result in inefficient bul.ning of 
life. powder and in l o w r  st,arting pressures. In a chl.orni- 

- BEFORE FIRING -.- AFTER TWO 250-RD GROUPS ... AFTER SIX 250-RD GROUPS 
--- AFTER FOUR 250-RD GROUPS - AFTER EIGHT 2 5 0 - R D  GROUPS 

BARREL 49 (Cr-PLATE ON NlTRlDED STEEL) - 
I I I I I I I I I I I I I I I 

I I I 1 I I I 1 I I I 1 I I I 
-. -.-.- ._._, LANDS - 

/./* - -.-.-. -.-.-.-.--.-.-. _._. 
-.-.-.-. 

C - 
-.-.-. - -.-.-. GROOVES - -.- .-.-.-.-.- + -.-, -.-. 

BARREL 61 (Cr-PLATE ON ORDINARY STEEL) - 
I I I I I I I I I I I I I I I 

LANDS 
0 . 5 0 0 0  -- /y-*-.-.----.z+-. I - - + = 

,/---- - 
-,-.-+ ---/----.e-- 

0 . 5 0 5 0  - 
1' , //- 

/- =-.. =---= 7 - - ,--, ,EOOVE_S* =,- 
0.5100 ---=.--.-: 

0.5150  - I 

$7 
./> BARREL 58 (UNPLATED ORDINARY S T E E L )  

0 .5200  - 4 

/ 

0.5 2 5 0  
'/ 1 I I I I I I I I I I I 1 I I . 

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 35 

DISTANCE FROM BREECH I N  INCHES 

FIGU~ZE 12. Star gaugc curvcs of calibcr .50 aircraft, barrels fircd one or. 111orc groups on the 5 X 50 (1) schedule. (This 
figurc had acconlpanied the manuscript of N1.3ltC Report A-,109 hut wss not reproduced wit,h that report.) 
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urn-plated, caliber .50 airc,raft barrel, the starting 
pressure was essentially maintained as long as the 
chromium remainCd on t,he grooves at  the origin of 
borc. lor as the chromium was removcd from the 
land; ah this point, ~onst~riction of the grooves and 
swaging of the lands tended to produce a smooth bore 
with cold diameter of 0.505 in., and tfhis constriction 
oftered sufficient rcsistarlce to the start of the bullet 
so that t , h ~  oold velocity dropped very lit>t,le or nctu- 

SCHEDULE 

5 X 1ooi21 
IOX40(1)  

A 1x300 

0 1x150 
0 l X l 0 0  

A 20x25-3  
X CONTINUOUS TO 100 PER CENT KEYHOLING 

USING COMBAT AMMUNITION 

ROUNDS FIRED 

FICUX~E 13. Average velocity of nitrided, chromium- 
p1at;cd caliber .50 aircraft barrels with choked ~nuneles 
plotted against rounds fired according to scvcn different, 
schedules. (This figrlrc had accompanied the manu- 
script of NDRC Report A-409 bub was not rcproduccd 
w-iO11 (,lit~t, ~cport~.)  

ally increased.lC Eventuallj~ the cold velocity dropped 
as the chromium was progressively removed from the 
grooves, the removal starting at  the origin of bore 
and, progressing muzz'leward. 

Ve1ocit.y-Lift oq/ NiLrided, Pln,ted Burrels. The veloc- 
ity of thc nitrided, chromium-platcd barrels in- 
creased at  first as the grooves constricted and caused 
slightly higher gas pressures; then as the chromium 
was gradually removed from the vicinity of the origin 
of i.ifing: anrl the stcel eroded, the velocity fell off' 

A fuller discussion of the causes of velocity chnnges in 
barrels Inuy be found elsew-l~cr~c.~~~ 

rather regularly. In  Figure 13 is shownaplot of veloc- 
ity versus rounds Gred on seven different schedules. 
For a mild schedule such as I .  X 1.00 or 20 X 25 (3), 
the velocity-life mas not n~uch different from that, of a, 
standard barrel. On the more severe schedules, how- 
ever, the velocity-life was much better than that of a. 
standard barrel. For example, on firing one 500-round 
group on the 5 X 100 (2) schedule, the velocit,y of a 
stnnclard barrel dropped 400 to 500 fps as compared 
\\-it,h a drop of :%bout 100 fps for the nitrided, chro- 
mium-plnted barrel. 

Cazlge for In,dicntin,g &c,jection Point of Barrels. No 
matter how good a barrel is, i t  will reach a point, if 
fired long enough, at  which i t  should he discarded. An 
important problem wjth all barrels is the finding of a 
suitable field method for determining this -rejection 
p0in.t. Tn general, caliber .50 aircraft barrels should 
he rejected if on thc next short burst they \vould be 
firing bullets with a large yaw or the velocity drop 
~vould be more than 200 fps. The problem of a gaugc 
for indicating the rejection point of a nitrided, chromi- 
um-platled barrel with, a choked muzzle is resolved 
into a single problem of a method for indicatingveloc- 
ity-drop, since the accuracy-life is nlucl-1 longer tJhan 
the velocity-life. 

A gauge which is avery good indicittoi. of theveloc- 
ity-drop of this barrel was developed. A drawing of i t  
is shown in Figure 14, and a curve of velocity-drop 
versus gauge-advance is shown in Figure 15. 

The gauge is of the plug type, described in Section 
10.2.2, with a hcad 0.507 in. i11 diameter. It is cntered 
from the breech end of a barrel, and the amount of its 
forxvard run beyon,d the zero point i,s observed. Th,en 
the velocit,y-drop of the barrel can be read from Fig- 
ure 15. 

After the nitrided, chromium-platcd barrels with 
choked muzzles were in production (800 barrels a 
day) accuracy acceptance tests showed that some 
mere being manufttctured that had a poor accuracy. 
In  t,he acceptance test a 300-round burst of AP-M2 
ammunition mas fired. Bullets with a yaw of as much 
as 20 degrees (tippers) were appearing in the first few 
rounds. The I-larrels, however, did not fire keyholing 
rounds at  an early stagc, nor did the point of 100 per 
cent Gcyholes appcar earlier than usual. 

Nothing could he found wrong with the barrels on 
rolltinc inspe~t~ion. After a detailed investigation i t  
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was found that the poor performance was cttuscd by 
roughncss of the bore.l1° The roughncss was in the 
originally machined steel surface, ~lihich rema,ined 
rough after elect~ropolishing. The plating, if anything, 
accentuated the roughness. 

Another. possible esplanation of the poorer accu- 
racy of some pltl.tetl hwrels over others is in the dil'l'er- 
ence in the methocls used in manufacturing the bar- 

rels. I t  was shown that chromiunl-plttted barrcls and 
stellit,e-lined barrels which had a separatc muzzle 
bearing had greatcr dispersion, because of a higher 
percentage of tippors, than the same types of barrels 
with an intcgld muzzle bearing. Several manufactur- 
ing pr()cedurcs \\-ere varied in both cases so it was not 
possible t,o determine what fnctor causecl the differ- 
ence in bel~a~vinl*. 

/STAMP MARKING - 

STAMP MARKING 
GAUGE FOR 
D-7162011 OR 

PIN DRIVEN - l 2 5 + . 0 0 2  

ONE- TOOL S T E E L  

FINISH f HARDEN 0 

F I N I S H  f HARDEN 3/32 X 1/2 DRIVEN 

TOLERANCE OF? 1/64 ALLOWED ON ALL 

OlMENSlONS UNLESS OTHERWISE SPEsiFlED 

Flcrm~ 14. Dran-ing of 0.507-.in. plug gauge for determining rejectior~ point ol' nilridcd, chroiniunl-plated, caliber .50 
aircra.ft barrels with chokctl nluzzlcs. (lcigure 21 in KDlZC Report A-40'3.) 
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ADVANCE OF 0.507 IN-GAUGE IN INCHES 

FIGURE 15. Curve showing drop in muzslc vclocity cor- 
responding to advance of the 0.507-in. plug gsugc in 
erodcd, nitrided, ch~~mium-pbted,  caliber. .50 aircraft 
barrels with cholicd muszlcs. (Figure 22 in. NDlZC 
Report 9-490.) 

25.20TI-IER M-ODIFICATIONS OF MACtIINE 
GUN BARRELS 

23.2.1 Caliber .50 Aircraft :Barrels 

In  Section 23.1 was discussed the nitrided, chro- 
mium-plated caliber .50 aircraft barrel with choked 
mueele. A few words should be said about barrels 
identi.ca1 to  these except that they \yere not nitrided. 
In addition., the steel to be replaced by chromium was 
removed from some of these nonhardened barrels by, 
machining rather than, by electropolishing. These 
barrcls wcre made before the facilities for large-scale 
nitriding had been found. 

Even ~vithout the nitriding the ch.romium-plated 
ba.rrel with choked muzzle was much superior in 
accuracy-life to the standard barrel, and in fact was 
as good in, this respect as the b~trrel containing a 
stcllite liner (Chapter 22)) a.ccording t o  firing tests. 
The data are recorded in Table 1. A1,tliough ssuperior 
to standard barrels, the nonhardened barrels, whether 
machined or electropolisl~ed prior to plating, were not 
as good with respect eithcr to accuracy-liie or to 
velocity-life as similar barrels that \\-ere nilridcd; 
therefore, nitriding was adopted and facilities for 
large-scale nitricling were easily found. 

CHROMIUM-PLATED BARRELS OP OTHER STEWLS 
WITH IIARDENED BORES 

The improved caliber .50 aircraft barrels described 
in Section 23.1 were made of WD 4150 steel. Re- 
search on sprcial stec.1~ was carried out, ns described 

in Scction 16.4.11, to find an improved type of steel 
for machine gun barrels. For barrels that were t,o be 
plated with an erosion-resistant malcrial such as 
ch.romium, i t  was not, as jm,portant to have a steel 
that resisted attack by the powder gases as i t  was to 
have one with better high temperature properties 
than nitrided WD 4150 steel. The search for these 
superior steels was narrowcd down, to a few which 
~ ~ o u l d  develop, upon hardening, a tough case that 
had good hardn.ess a t  temperatures approaching 
800 C and good resistance to tempering. 

The following steel.sl were made in.to calibcr .50 
aircraft barrels, which after bore-hardening werc t,o 
be chromium-plated and tested: 

Nitru,lloy, obtained from A. Milne and Company, 
New Yorlr. Analysis: 0.43 C, 0.56; Mg, 0.017 P, 0.018 
S, 0.30 Si, 1.58 Cr, 0.35 Mo, l.04 Al. 

Molybdcn,um Steel, obtained from Ford Motor 
Company. Analysis: 3 Mo, 0.13 C. 

A/lolybdenzcm Steel, rnade to order by Allegheny- 
liudlum Stccl Corporation. Analysis (averagc of 4 
heats): 0.33 C, 0.45 Mn, 0.20 P, 0.01.5 S, 0.213 Si, 
2.05 Mo, 0.10 Ni, 0.03 Cr. 

Chro-mow, obtained from the Crucible St)eel Corn- 
pany. Analysis : 5 Cr, 1.35 Mo, 1.25 W, 1 Sj, 0.30 C. 

Potomac Die-Steel, obtained from the Allegheny- 
Ludhlm Steel Corporation. Analysis: 5 Cr, 1.7 Mo, 
1.3 W, 1 Xi, 0.33 C. 

Only the first three of these steels were tested as 
barrels. There was not time to conclude the work on 
barrels of the Chro-mow and Potomsc hot-die steels, 
although barrels \+-ere made up and two of the Chro- 
mow 'barrels were nitrided. 

Nitrided Nitrdloy h ~ s  avery hard case, its hardness 
near the surface being of the order of 1000 vPN. The 
hot hardness of the case is excellent. Aircraft barrels 
of this steelwere nitri,ded, electropolished, and chromi- 
um-plated, and subjected to firing tests. The lands 
near thc origin of bore stood up very well. The ad- 
herence ol the chromium to the steel and the resist- 
ance to swaging of the lands werc better than in 
nitrided WD 4150 steel barrels. But the barrels failed 
near the muzzle end, wherc sections of lands broke 
out. The case is apparently too brittle for strains near 
thc muzzle of this barrel. 

The bore-surface of barrels of both t,he nlolyb- 
denurn steels were induct,ion-hardened, electropol- 
jshed, and chromium-plated. They performed better 
than chromium plated barrcls of WD 4150 steel but 

Some of these same steels were made into barrcls for stel- 
lite liners, as described in Section 24.5.3. 



OTHER MODIFlCATIONS OF M.4CHINE G'GN BARRELS 471 

wrre not s~~pei.ior to those of W D  4 150 steel nitridcd 
and chron~iun~-plated. 

As discussed in Section 23.1.4, the ni.trirled, chrorni- 
urn-plated c:tliber .50 aircraft barrcl with ckoked 
muzzle had a very long accurac1~-life cornpared with 
its velocity-liic. Such a banel could ba eroded to a 
smooth bore condition over the section estending 
from the origin of hore to within about a foot 01 the 
muzzle uncl still fire accurately, but wit11 the barrel 
in this condition t,he muzzle velocit,y ~l~ras several 
hundred feet per second 1011-er than in a new barrel. 

The wcl) of t,he po~vder \\-as such thai it bnrned 
efficiently and built up the proper pressure only \\hen 
the' bullct l~at l  an adcquate staa.ting pressure. When 
there wcrc no la,11ds at the origin of bore or no con- 
striction to resist movcrne~lt of the bullet, the pol\-der 
pressure did not reach Ihc required high peuli. 

I n  view ol these considerations, i t  thought thst 
a barrel with a longer velocity-life and adequate 
accuracy-life -\~oulcl result, \\-ithout giving escessih-c 
initial pressure, il' :a l.):lrrel vere reamed to give a fen- 
inches of free run to the bullet,. A powder which would 
burn fast enough to develop the required pressure in 
a smooth-bore barrel \vould ha,ve to be used. Possibly 
the bnrrr:l could then be eroded for a co11sider:llole 
distmce ahc:i~d of the origin of borc nithout grefttly 
affc?cting thc rnuzele velocity. 

Single-base PO\\-ders having :L smallcr I\-eb than is 
usual lor caliber .50 nnnnunition n-ere loaded into 
cart,ridgc cases and bullets crimped in. Thcy were 
fired in stcel barrels having various lengths ol lree run 
and chanlber pressures \\;ere measured 17y means of a 
copper ball crusher gaugc. 12 "free-rm" of 1% in. 
and 244 gi*ains of 1/11 pox\-der of one particular cs- 
perirnent,sl lot were lound to be ahout the optinlum 
conditions. lD"l10 

Using tho components of A1'-R12 ammunition, ex- 
cept lor the po\\,dcr, Franlilord Arsenal then loaded 
10,000 rounds containing the lot nf po~~-der that, was 
found best. Chromium-pltlted, frce-run, aircralt Bar- 
rels, IT-it1 choked muzzles, \\-ere nladc. Some of the 
barrels mere nitricled prior t o  plating. 111 the firing 
tests, using the 5 X 100 (2) schcdule and the speci;~l 
ammunition, the velocity-drop >-:is considerable, 
probal-)ly bcc:tuse of sevcre erosion in the free-run 
zone, 

It 11-a~ thought that this erosion could be consider- 
ably lessened 11)- experimenting to find the optimt~nl 

dismci;er 0.1 the Iree-rml cylinder and a hebtcr bore- 
surf':lce coat,ing. Bccause of the fact that the project 
n-as nevcr given a high pi:iority, the contract termin- 
atcd beforc this program could be rounded out. 

23.2.2 Nitrided, Chromium-Plated Caliber 
.50 Heavy Barrels With Choked 

Muzzles 

Althotlgh the first esperi~nents ~vilh 1inei.s Jwre 
made using the caliber .50 hcavy ba,rxel,ln research 
with the explicit objcct of inipsoving this particular. 
barrel \\.as p~st~poned urltil the major \vor'l; on the 
aircraft bai.rel \\as completed. The standai~cl mono- 
bloc steel, heavy barrel has a good lilc :is is, 1x11; i t  is 
obvions that its life can 1,e improved consitlerably by 
inserting a liner of St,ellite No. 21. (Sect,ion 22.4: or 
p~operly cl~romi~mn~-plating the bolhc, or both. 

Nitrided, chromiunl-plated heavy 1.1ai-1-els ~ \ . i th  
cholred muzzles w r e  madc. Both hard and sol'l; chro- 
mium p1:ttes were applied. They were Grcd i~.ccor.ding 
to the 5 X 1.00 (1) sched~1c.l '~ It TT-as found that 
moc1jfying bsrrels in t , l~is mnnncr \\-ol~ld give n lasge 
increasc in accuracy-life and, when this fii*ing scl~zdulc 
n.3~ used, ~vonld i.ncresse somev-hat the velocity-life. 
On the morc mild schcdi.rles, the arclocity-life \z*ould 
probably not be significantly improved. 

23.2.3 Caliber .30 and Caliber .60 Barrels 

Ina,srnuch as the problems conncctetl vith c::~liber 
.30 and calibcr .GO machine gun bizrrels are very 
similar to those of the calibcr .50 barrels, litt,le lurtl-ier 
research was required to improve them. 

Caliber .30 aircraft barrels were tcsterl in ths :~ir- 
c,raft gun n-hick fires 1.,200 to 1,300 rounds per xllin- 
ute. T\vo firing schedules were used TI-ith arnlor-pierc- 
ing a8mmunition : (1.) d series of 300-round bursks 
\\it,h complete cooling after each burst-l X 300 
schedule, and (2) three 300-rountl bursts with 2 min- 
utes between bursts-3 X 300 (2) schedule. 

The barrels which were tested 11-ert chromiurn- 
plated t,o give :t cholrecl mnzzle of 0.292 + 0.004-in. 

See footrlotc ( c )  of Chsplcr 11.. 
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bore diameter. Some of these were nit,ridcd prior to 
plating. 

Thc following conclusions were drawn from this 
investigatcun: ( I )  As in thc case of the caliber .50 
barrels, the more severe the firing schedule, the 
greater was the advantage of nitriding and taper- 
chromium-plating the bore. When the 1 X 300 sched- 
ule was employed, the accuracy-lifc of the chromium- 
plated barrels with choked muzzles was considerably 
better than that of a standard barrel, and the ve- 
locity-life was about 25 per cent bctter. With the 
3 X 300 (2) schedule, both accuracy-life and vclocity- 
life were much better for the modified than for the 
standard barrel. (2) The soft type of chromium ap- 
peared to he no better in this barrc:l than the hard 
chromium. Nitriding the bore, in addition to plating 
it, was advan tagcous. 

Caliber .G0 barrels, a few of which had been ni- 
tridcd, were chromium-plated. It was particularly 
important in the chromium-plated barrels for this 

gun to have thc cylindrical section lying between the 
forward end of the cnrtridge casr and the nin-out of 
rifling sufficiently large to eliminate the possibility of 
cxcessive pressures. Moreover, barrels performed in 
general better when the bore diamcter near the origin 
was on thc large side of the tolerance. Some barrels 
with choked muzzles were tested, but no conclusive 
results were obtained. 

The firing schedule used t,o test these barrels a t  
Aberdeen Proving Ground m5 was supposcd to con- 
sist of six 50-round bursts separated by 2 min inter- 
vals. Malfunctioning of the gun and ammunition, 
and the necessary replacement of parts during the 
test usually prevented this schedule from being fol- 
lowed. Consequently, it  was difficult to comparc 
barrels made in different ways. 

In  general, it can b ~ :  said that chromium-plating 
t,he bore of a caliber .60 barrel, with or without prior 
nitriding, could be expccted to  increase its life by a 
factor of at least 2 or 3 when fired on a schedule 
which vvould wear out the standard steel barrel in 
200 to 300 rounds.l1° Therefore, the investigation 
should be continued when a more reliable gun rnech- 
anism is available. 



Chapter 24 

BARRELS BOTH STELl",ITE-LINED AND CHROMIUM-PLATED 
By J.  F. Schail-er. 

24.l DEVELOPMENT A N 0  PEKE'ORMANCE 
OF "COMBINATION" CALIBER ..3O 

AIRCRAFT BARRELS 

W RILE TRE TITO TYPES of improved caliber .50 
aircraft machine gun barrels, stellite-lined (dc- 

scribed in Chapter 22), and nitrided and chromium- 
plated (described in Chapter 23) \wrc being dcvcl- 
oped by Division I ,  NDRC, at  C:rane Company- and 
Geophysical La13oratory respcctivclg, their sdvsn- 
tages and disadvantages were rloted. It soon became 
evident that a third and still bc'tter barrel should 
result from a, combin:ltion of the stellite liner with 
choked-muzzle chromium plate on the &eel bore 
ahead of the liner. Thereupon, the developnlent of the 
stellite-lincd and chrorniurn-plated barrel with choked 
muzzle (or "combination1' barrel) \$-as initiated at  Geo- 
physical Laboratory and devclopcd by the coopera- 
tive efforts of this laboratory, the Crane Company, 
and the Ntltional Bureau of Standards: 

compared to vclocity-life, is largely Lhe result of bore 
enlargement ahead of tthc liner by crosion of steel and 
of the thermal expansion of the barrel at  the high 
temperatures (Section 5.6.3) attained in severe firing 
\\.it,h the resultant, failr~rc of the bullets to engage the 
rifling properly and att,ain adequate spin for stable 
flight. 

In contrast,, a1t)hough nitricled and choked-muzzle, 
chroniiurn-plated barrels s11011-ed (sce Section 23.1.4) 
G marked ixnprovement in velocity-lifc over non- 
plated steel barrels, their most outstanding charac- 
teristic was a vast improvement in accuracy-life. The 
long t~ccuracy-life of this barrel is largely thc result of 
the erosion-resist,ant choked-muzzle, which is re- 
sponsible for maintaining stabilit ,~ of bullets through- 
out long bursts (as alrcady discussed more fully in 
Section 23.1.4), and barrels mcrc rcjccted for exces- 
sive velocitv drop long before they fircd any inac- 
curate bullets. 

Thus, the performsnces of the tn-o types of im- 
proved machine gun barrels, stellite-lincd, and ni- 

1t.1.1 Accuracy- and Velocity-Life of trided and chromium-plated, were cornplemcntary, 
the former shomlng a verv hrge improvement in Improved Machil~e Gun Barrels 
velocity-life, the latter in accuracy-life, over un- 

Although the stellite-lined barrel she\\-ed a nlarked 
iniprovement in accuracy-life over steel barrels with 
no liner, :IS described in Section 22.2.2, the most 
outstanding characteristic of the lined barrel W:LS the 
vast improvement in velocity-life. This long velocity- 
life is t,hc result of the phenomenal rcsistancc of the 
liner material to  bore enlargement by either- powdcr 
gas erosion (chemical attack or melting or bot;ll) or 
by the swaging impact of the bullets. In fact, a small 
const,riction of both land and groove dinnleters oc- 

1 In a ve- curs during the first burst of fire resulting * 

locity increase and during additional firing borc cn- 
largelnent and velocity decrease only take plam very 
slo\\-l~r. 

When one of the more severe firing schcdlrles is 
used (Section 23.1.31, the cold rnuzzle velocity will be 
little if any belo\\- the initial velocity and the liner is 
relatively 11cw and unworn when the barrel is rejct:ted 
for inaccuracy. The relatively short accurac>?--lifr, as 

4 Special Assistant, Division 1, SDHC. (Present address: 
Geophysical Laboratory, Carnegie Institution of Washington.) 

modified steel barrels. 

24.1.2 Preparation a.nd Testing of 
"Combination" Barrels 

The studies at  the Geophysical Laboratory of the 
cause of failure of caliber .50 barrels made it clear 
that a barrel having a combinal;ion of a short breech 
liner of Stellit,e No. 21 and t,apered-chromium-platme 
on thc steel borc shead of this liner should have a 
longer overall life than either the st,ellite-lined or 
nitrided and chromium-plated barrel alone. Aftcr 
this advantage had been demonstraLed by t,he Geo- 
physical Laboratory a cooperative program for the 
preparation and testing of "combinatior1" barrels mas 
arranged between Geophysical Laboratory (and its 
sut)cont,ractor for plating, the noehler-Jarvis Corpor- 
ation) and Crane Company. An additional advant,age 
hoped for from the usc of chrominm plate ahead of 
the liner was a saving of strategic stellite by using a 
much shorter liner. 
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Fourtccn 10-lb caliber .50 aircraft barrels for each 
of t,hree liner lengths were prepared with the steel 
I-)ores chromium-plated ahead of investment-cast 
Stcllite No. 21 liners of 4-in., 6-in., and 9-in. lengths. 
Machining and insertion was performed by Crane 
Company and the borc was elect,ropolished and 
plated by the Doehler-Jarvis Corporation before liner 
insert,ion (Section 2.5.2.3). The procedure developed 
for thc chromium plating of the bore ahead of a stel- 
lite liner was, with only slight modification, tfhe same 
as used, for full-length barrel plating. 

Four of each of the "combinat,ionn Larrels with the 
liners of the various lengths ~vcrc subjected to firing 
1;csts at  Geophysical Laboratoryn1 hnd two of each at  
Crane C ~ m p a n y . ~ "  Concordant data were obtained 
and, the remainder of the satisfactory barrels were 
delivered, to the Ordnance Departmcnt for prelimi- 
nary tests. As a result ol all these tcsts, 80 additional 
similar "combination" barrels with 9-in. length. 
liners were delivered to the Ordnance Department 
for test. 

To evaluate the effects of bore hardening (by ni- 
triding) beneath the chromium plate ahead of 4-in., 
6-in., and 9-in. length stellitc liners, two of each of 
these barrels were prepared lor test by Division 1.  
Firing tests showed that bore hardcning ahead of the 
liner had but little effect on perlormance and tha,t 
this manufacturing complication was unnecessary.R1, 

Several things were considcrcd in the choosing of' 
this schedule : 

1. The Air Forces required a barrel that is capable 
of firing 2~ 1on.g continuous burst or bursts and closely 
spaced long intermittent bursts. 

2. Any schedule requiring the firing of a very long 
continuous burst or closely spaced long intermittent 
bursts which overheat and distort the barrel, bec,ause 
of the lack of high-temperature strength of gun steel, 
does not permit thc evaluation of the relative rncrits 
of different liner rnaterials. 

3. Jf too moderate a schedule is sdected, i t  will re- 
quire % long firing test, besides not simulating ex- 
treme combat conditions. 

4. Jf possible, the schedule should be flexible, to  
provide for an evaluation of' somewhat inferior ma- 
terials that might be used as substitutes, as well as 
for very superior ma.teria,ls and combinations. 

5 .  The same ammunition should be uscd in firing 
all special barrels to make the results comparable. 

Two schedules were seriously considered-one em- 
ploying a series o.C continuous bursts of arbitrarily 
fixed and diminishing length-the other a continuous 
burst of fixed length follo~ved by a series of inter- 
mittent bursts. A schedule of the lattcr type was 
adopted as the firing-test schedule in tlic development 
of superior machine gun barrels and in the test of 
promising rnaterials and ~ombinat~ions. This initial 
burst gives an indi~at~ion of performance under the 

24.1.3 Development of the severe conditions of prolonged continuous fire and 

CG-L Firing Schcdule the subsequent repeated groups indicate perform- 
ance under the severe conditions of moderate length 

During the development of the "combination" 
ba,rrels just described nnd in the development of 
barrels showing even further improvements in per- 
formance (achieved by methods described later in 
this chapter in Sections 24.2, 24.3, and 24.5) it was 
necessary to increase the severity of the firing-1;est 
schedule. These caliber .50 aircraft machine gun bar- 
rels were so far superior in, life and performance to 
itnything previously known that a stepped-up firing 
schedule was required to give an adequate compar- 
ison of barrel performance and to indicate the full 
potentialities of these barrels. One requirement for 
such a schedule was that i t  yield a maximum of de- 
sired information on a barrel and that barrels could 
be fired to end of life in a reasonable tirne. Two con- 
tractors of Division :I. (Crane Company and Ceo- 
physical J,aboratory) collaborated in thc develop- 
ment of the new firing-test schedule, hence the name 
"CGL" schedule. 

bursts at  frequent intervals. 
The CGL ~ c h e d u l e ~ ~ . ~ ~  calls for a long continuous 

burst of predetermined duration (usually 350 rounds) 
followed by 500-round groups fired in five bursts of 
100 rounds each 1vj.th a 2-minute cooling interval 
'bctwcen bursts, such groups being repeatcd until end 
ol life lrom inaccuracy (50-per cent keyholing 'bullets), 
excessive velocity drop (greater than. 200 Ips), exces- 
sive muzzle blast, or any dangerous condition of the 
barrel. After the long continuous burst, and a.fter eacli 
500-round group the b:~rrel is cooled to room temper- 
ature. Accuracy during bursts is observed by means 
of a moving target. Cold- and hot-velocity measure- 
ments arc taken a t  stated intervals. Figure 1, shorn-s a 
data sheet for a caliber .50 aircraft barrel fired on, the 
CGTJ-350 schedule. To provide a flexible base to eval- 
uate inferior barrels as well as very superior barrels, 
the length of the long continuous burst can be varied. 
A suffix thus (CGL-400, CGL-350, CGL-300, etc.) 
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D a b  sheet h~, c:tliber .50 aircmft barrel No. AC155 firecl on CGL-350 schedule. All targcts a t  1,000 in. Total 
rounds fired: erosion 1.,350; d l  others 150. Instrumental velucit,y at 78 ft,. (This figure is hnscd 011 ollc in progress report 
on Contract OEMsr-62'3.) 

u-,"-" , 

Xnstr. vcl. 20-rd cold accuracy 100-rcl burst : t ( z ~ l ~ ~ : i c ~ , ~ . - ~ ~ ~ ~ ,  Cyclic 

(fps) 90% of rd No. rds 95% of rd No. rcls b o ~ c  ~)at,e, 
Test No. Cold Hot RTTD* E V D t  >20° yaw EI-ID' EVnt  >20° yrtw dia. rpm 12en1arl<s 

0. Initial 2640 5.3 

1. Cant,. burst 
(350 rounds) 2650 2120 7.4 

2. 500-rd group 
Burst 1 262.5 
Burst 2 2600 
Burst 3 2165 
Burst 4 2380 

Burst 5 2670 2330 5.5 

3. BOO-rd group 
Rurst 1. 2570 

Burst 2 2360 

Burst, 3 2265 

Burst 5 24'15 2030 10 

4.500-rd group 
Burst 1 
r3(lrst 2 
Burst 3 
Buwt 4 
Durst 5 

1 Number of yalvers: 2 / 

Appeitrallce satisfactory. 
31uzzle flash severc last 50. 

rds. Rlild erosion ahes.rl of 
818 the liner; slight wear in 

liner; rifling clearly defined 
throughout. 

hluxxle flash severe during 
820 1:~st 2 b~~~.st,s.  
820 The barrel is eroded ahcud of 
820 the liner for about 3 in. 
820 12ifling is clearly clefined 

but \\-or11 in the cerlter of 
820 the berrel. Thc lincr is 

slightly v-om. 

3 sec stoppage in bnrst 1 and 
780 2.5 sec stoppage in burst 

3. 
780 

* EHD T; Estrafne horizontal rliapcrsion (in.). t EVIS Extrerrle vertical dispersion (in.). 

FIGURE 1. 

indicates the length of the long continuous l~urst  (B-2) schedule." The plated bar~sels with 4:- and (?-in. 
which in all cases is follo\vetl l)y thc regular 500-round li~lc-:rs werc approxirnatcly equivalent in perforrnancc 
groups of intermittent) firc. ,111 ol the very supelior to a barrelwith a %in. linor I)nt no plt~t,e :~hea,d of th.e 
barrels n-hose development is described in t,his chap- liner. The plated barrel with 9-in. liner wa,s far 
ter mere tested on the CGL-350 schedule, llsing superior to either tthe regular stellite-lincd I-~arrel 
AP-M2 ammunition. The results are sumn~arizt.d (Chapter 22) or the nitrided and chromium-plated 
lat,cr (Figure 6). l~arrel (C:hapt,er 23) pal.tic:ulnrly on the intermittent; 

schedule. The Air Corps \\.ant,etl only the best barrels, 

24.1.4Performance of "Combinationm Barrels so attention was conct:nt8rsted in i'urtl~er tests on the 
"combination" barrel \\.ith a $-in. lincr wit,l-1 plate 

Initial firing tests by Division 1 on "combination" 
caliber .50 aircrall; barrels with 4-in., 6-in., and $in. 
length invcstmcnt-cast; liners of Stellite A-o. 21 nncl 
choked-muzzle chroiniom plat)e on t,hc stcel bore 
ahead of t,he liner \\-erc nladc on the continuous-to- 
lreyholing (C:-1) schedule" and on an intermittent 

"jcfined in Chapter 22.3.3. 

uhend of the liner. Besides the very severe CGL-350 
firing schedule ascd in lurth(:r tests by Division 1, a 

011 thc 13-2 schedllle a barrel is fired in 500-round groups 
consisting of five bursts of 100 rouncls cach with a 2-min 
cooling ir~t,c.rval bct\t'cer~ b~it.sts and complete cooling after 
each 500-round group. Such grollps a,rc repeater1 to erld of lire 
of the barrel. This scbeclule is designatecl "5 X 100 (2)" in 
Chaptcr 23. 
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variety of schedules was used in tests by the Ordnance 
Department on barrels delivered by Division 1. 

As a result of the firing tests on very severe sched- 
ules one serious defect of "combination" barrels was 
discovered. Their long accuracy and velocity lives 
permitted firing of such durat,ion and severity that 
many of the barrels 'failed in a dangerous manner by 
rupturing longitudinally near the muzzle end of the 
barrel. Such failure can be eliminated by reinforce- 
ment of the barrel, which is considcrcd in -the next 
section. 

24.2 EXTERNAL REINF0RCI:NG SLEEVE 
FOR BARRELS 

On a severe firing schedule, such as the CGL-350 
schedule, end of life of a "combination" barrel is 
brought about by a permanent expansion of the 
barrel in the region of the forward end of the liner. 
The sequence of events in the weakening of the barrel 
wall caused by the high temperatures during the fir- 
ing of long bursts is given in Section 5.6.4. Figure 16 
of Chapter 5 sho~vs two calibcr .50 aircraft barrels 
distorted during firing. I t  should be noted that dis- 
tortion was principally in one plane. Stellite-lined bar- 
els (with no plate ahead of the liner) will also blow 
out in the same manner il the firing of long bursts is 
continued long enough. Because of the much shorter 
accuracy life of this barrel as compared to the "com- 
bination" barrel, however, firing is usually stopped 
before thc barrel can rupture. 

The expansion of various parts of the barrel was 
estimated8' on the basis of star gauge data and out- 
side diameter measurements made belorc and after 
firing on a number of "combination" and other bar- 
rels. After firing the 350-round burst on the CGL-350 
schedule, "combination" barrels showed permanent 
expansion (cold) of the bore at  8 to 10 in. from the 
breech, that is, 2 to 4 in. behind the end of the liner. 
The average for seventeen barrels measured was 
0.0043 in. (range from 0.000 to 0.015 in.). Just ahead 
of the liner the expansion was about the same. For- 
ward of this the amount of expansion tapered off. 
Clearly, this cxpansion had to be prevented if the 
best use of either or both the liner and chromium 
plate was to  be made. 

A simple method of reinforcing the barrcl in this 
weak region was found to  be highly successful, es- 
sentially eliminating the permanent expansion and 
greatly increasing the life of the "combination" bar- 
rel as well as making it a safe barrel. A thin cylindri- 

cal steel sleeve or collar, &in. long, was shrunk on the 
outsitle of the barrel, after i t  had been turned to a 
cylinder over the weakest section. I t  was located so 
that the region embraced by the forward 5 in. of the 
lincr and 1 in. ahead of the liner was externally re- 
inforced. The weight of the sleeve had to be kcpt a t  
a minimum because increase in barrel weight would 
have decreased the cyclic rate of fire of the gun. This 
matter is discussed more fully later in Section 24.3.2. 

The experiments on barrel reinforccment a t  Geo- 
physical Laboratory indicated that, ( I)  a reinforcing 
sleeve should start a t  about 734 in. froni thc breech 
and extend to 13% in. from the breech, (2) sleeves 
made of WD 4150 steel or of NE 8630 steel tubing are 
satisfactory, (3) wirc winding of the barrel ahead of 
the sleeve is advantageous, but may not give enough 
improvement to justify the extra time, cost, and 
weight, and (4) external sleeves should be fixed in 
place, ns by n spot weld a t  the forward end of the col- 
lar, to  eliminate any possibility of thcir slipping. 
The experiments with "special contour" barrels de- 
scribed in Section 24.3.1 suggested that most of the 
benefit of an external reinforcing sleeve might be 
provided by machining the barrel to have outside di- 
mensions the same as those of a barrel with a shrunk- 
on external slccve. Two alternative designs for "corn- 
bination" barrels with integral reinforcement were 
prepared a t  Geophysical Laboratory and some bar- 
rels were made according to thcse designs which are 
designated us "GLA" and "GLB" in Figure 2. T t  was 
not possible to make the firing tests before terminrt- 
tion of the experimental program of Division 1. The 
barrels were turned over to the Ordnance Department 
with the recommendation that these tests be made. 

Firing testsRn hy Division I ,  according to both the 
CGL-350 and CCL-400 schedules made on stellitc- 
lined barrels without plate ahead of the liner but with 
reinforcing sleeves showed that- such barrels gave 
considerably improved performance over regular 
stellite-lined barrels. Accordingly a Sew thousand 
such barrels for Service trials and use wcrc to have 
been produced at  Crane Company in the late summer 
of 1945 under an Ordnance Department contract. 
Substantial production of "combination" barrels 
with reinforcing sleeves also w-as planned. Although 
the expedient of adding reinforcing slceves was satis- 
factory in principle for the utilization of barrels in 
stock, the machine gun barrel manufacturers prc- 
ferred to manufacture new barrels with integral steel 
reinforcement rather than to shrink-on external 
slceves. 



CHANGE IN WEIGHT AND CONTOUR OF BARRELS 477 

-.015" -m3" 
SPECIAL CONTWR GAL .SO AC BARREL WlTH 9" LINER 
DESIGN GLA 

SPECIAL CONTOUR CAL .SO AC BARREL WlTH 9" LINER 
DESIGN GLB 

F r ~ u n ~  2. Dcsignfi for "combination" caliber .50 aircraft macl~ine gun barrels with intcgral rcinforcenlcnt at the 
forward end of thc stellitc liner. (Figure 24 in XDRC Report A409. )  

Thc remarkable results of the studies bp Division 24.3 CHANGE 1N WEIGIJT AND CONTOUR 
1 on barrel reinforcement in general and other OF LINED AND "COMBINATION" 
changes in external contour of barrels are described BARRELS 
in the next section (Section24.3). Regular and special u.s.1 Effects o:f Barrel Weight 
caliber .50 aircraft barrels are pictured in Figure 3. on Performance 
The relative performance of all superior barrels in- 
cluding both "combination" barrels and stellite-lined Kven before the external reinforcing sleevc had 
barrels with an external reinforcirlg sleeve is shorn- been added to stellite-lined barrels a t  the Geopllysical 
later in Figure ti. Before ncm barrcl forgings could be Laboratory, a different approach to the same problem 
obtained the Army production  contract,^ were can- had been st,arted at the Crane Company, another 
celed immediately after V-J Day. Divison 1 contractor. 

A REGULAR 10-LB BARREL 

- 

B REGULAR 10-LB BARREL WlTH 6-IN. REINFORCING SLEEVE WT 10.8 L B  

C REGULAR 13-LB B A R R E L  

Q FINNED 13-LB BARREL W t  11.7 LB 

F I G ~ R E  3. Photographs of regular and specid cdibcr .50 aircraft barrcls. (Figwe 8 in NDBC Report A-408.) - 
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To evaluate t,he effects of barrel weight on the per- 
formance of stellite-lincd caliber .50 aircraft machine 
gun barrels, regular 9-in. liners of investment-cast 
St,ellitc: No. 23 wcre inserted in two 13-lb caliber .50 
aircraft barrels (Figure 4B). This 13-lb barrel (36-in. 
long) was an obsolete barrel that had been replaced 
for Service use by the regular 10-lb barrel having the 
same length (Figure 4A.) 

Firing tests on the stellite-lined 13-lb barrels on the 
severe CGL-350 schedule showod a remarkable in- 
crease in life. Whereas the life of the regular 10-lb 
stellite-lined barrd on this schedule averages about 
750 rounds, the lined :1.3-lb barrels shorn-ed :L lifc of 
about 3,500 rounds. In  bot,h, cases rejection was 
caused by inaccuracy while velocity drop had been 
very slight. In  contrast, a change in weight I'rom 10 lb 
to 13 lb results in only a very slight increase in life 
with regular steel barrels without the liner, the total 
life on the same schedule being 170 and 220 ronnds, 
respective1 y. 

24.3.2 Effects of Barrel Weight on. 
CycJ.ic Rate o:C Gun 

Because of the Air Forces' requirement for a high 
cyclic rate of fire in aircraft, combat,, i t  is important to 
note the effects of barrel weight or1 the cyclic rate of 
fire of aircraft machine guns. When a 13-lb barrel was 
fired at Crane Companv in the Browning hircraft 
machine gun, M2, t,hc cyclic rate was only 700 to 800 
rprn cven with all of the oil removed from the buffer, 
whereas the cyclic rate with a 3 0-lb barrel in this gun 
can be adjusted, to approximately 750 rpm with oil in 
the buffer and to about, 1,000 rpmwiththe oil removed, 

Firing tcsts were made by the Ordnance Depart- 
ment on a scries of barrels of different weights sup- 
plied by Division 1, using the newly adopted high- 
speed gun (M3). This gun has a rated cyclic rate of 
1,250 rpm with a 10-lb barrel. In the test firings in 
which all barrcls were fired in, the same gun, thc 13-lb 
barye1 reduced the rate by 200 rpnl and an 1.1.75-lb 
barrel reduced it by only 70 rpm. These data sug- 
gest;etl that, unless delays could be tolcriited while tthe 
gun mechanism \wis modified, efforts should he con- 
centrated on the development of the best harrcl wi.th 
a weight not much in excess of 1.1.5 lb. 

a4.3.3 Eifects o:F Distribution of 
Weigh.t on Performance 

The remarlrable results of firing test,s on stellite- 

lined 13-lb caliber .50 aircraft barrels were described 
in Section 24.3.1. Similar results were obtained on thc 
CGL-350 schedule on special contour 13-lb barrels of 
design suggested by the Ordnance Department,. These 
special contour barrels hiid a heavy cylindrical sec- 
tion extending from the breech cnd of the barrel to a 
point somewhat beyond the lincr. The barrels were 
prepared a t  Springfield ilrmoryand subjected to fir- 
ing test,s at  Crane Company as a part of a broad 
study of the cffects of distribution of weight (changes 
in exterior contour of barrcls) on the performance of 
stellite-lined anti "combination" barrels. 

In view of the 1imil;ations imposed on barrel weight 
by the ci'fects olincreased weight on, cyclic rate of fire of 
the gun (see Section 24.3.21, Crane Company pre- 
pared arid tested barrels the weight of which was 
reducecl by machining stecl from 13-lb barrels to de- 
crease the diametcr in selccted areas. All of these 
tests were contlucted with the M2 gun (no M3 guns 
were available at  this time) at  a cyclic rate of 750 
rpm. Two lirled barrels were prepared for each of 8 
special designs shown in Figure 4. 

Another design (not shownin Figure 4) was similrzrin 
external contour to the barrel with a Gin. external 
reinforcing sleeve (Figures 313 and 4.J) except that 
the section of increased diameter was inlxgral with 
the barrel and the wight  was 10.9 lb. The perf'o~>m- 
ance of the barrel with an integrd sleeve was some- 
what superior t o  t,he.t ol the barrel with the shrunk- 
on sleeve. The best performance per unit of weight 
was obtained from lined 73-lb barrels into which cir- 
cumferential grooves had been cut so that the con- 
tour at  t,he root of the groove mas the same as that of 
the standard 10-lb barrel. The result was a barrel 
(Figures 3D and 4C) having integral, transverse fins, 
with a weight ol about 11.7 lb. The performance 
of this barrcl was equivalent to that of the lined 
13-lb l-~arrel witl-loui; fins (Figure 4 3 )  and represents 
an outstancling improvement in performance over 
stellite-lined 10-lb barrels mith only a very slight, re- 
duction in the cyclic rate of fire. Such fins provide a 
maximum of barrel reinforcement and cooling surface 
with a rninimum of additional barrel weight. 

The two designs described in tthe preceding para- 
graph were selected for test with cholred-muede chro- 
mium plsting ahead of the lincr. Two barrels of each 
design were prepared. The performance of the platcd 
l~arrel with the integral reinforcing sleeve (weig'ht 10.9 
lb) was cyuivalent to that ol the lined 13-lb barrel de- 
scribed above with fins (weight 1 1.7 lb) but mith no 
plate aheatl of the liner. 
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SPECIAL GAL .50 AIRCRAFT BARREL WlTH l.45$ OD 
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SPECIAL GAL 5 0  AIRCRAFT W R E L  WlTH DOUBLE TAPER 
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1 - 5 3  7 1209' DIA O? BORE IN COLLAR GAL .50 AIRCRAFT BARREL WITH 6' REINFORCING SLEEVE 
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Florm~ 24. JCigllt dcsigns of caliber .50 airclxft ~nachinc gun barrels having special corltours. (Drawing submittted by 
Crant! Con1pa.n)- with interim report on Conl r~r t  0341s~-620.) 
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.The finned barrel. with both liner and plate (wight  
11.7 lb) was far superior to any other aircraft barrel 
tested :~nd showed, a life of about 5,000 rounds on the 
severe CG~,-350 schedule. This barrel life approx- 
imately is equd to the life of the gun mechanism and 
both gun and 'barrel can be discarded as a unit. One of 
the lined and plated finned barrcls was rejected after 
5,000 rounds because of a 200-fps velocity drop. The 
other burst nea.r the muzzle after more than 5,000 
rounds had been fired. The use of a barrel ~ t c c l  having 
bet,tcr high tempe~ature propertties t,han the WD 4150 
steel regularly used for mnahine gun barrels would 
prevent such rupture, (This qnestion of choice of bar- 
rel steel is discussed later in Section 24.5.) 

Section 24.3.1, but the weight was so great LLS to  make 
this ba,rrel impractical. 

Although it might have been possible to obt,sin 
comparable pel.formance with reduced weight more 
suittably dist,ribl,~tcd, i t  was felt that lined and cl-lro- 
mium-plated barrels wit,ll integral steel fins were more 
promising for immediate Service application. Thcre- 
fore, no f~rt~l-ler. work was done on :~luininum clad 
barrels. Xo111e preliminary tests on copper clad bar- 
rels were made by the Ordnancc Department as a re- 
sult ol these studies by Division I ,  NDRC, on alurn- 
inunl clad barrels. 

Tn the stellite-lined and chl.omium-platcd finned ,,,, 
barrel, the full usefulness of the erosion resistant liner 

PERFORMANCB OF VARIOUS 

is attained and liner and barrcl wear out at  about the 
IhIPROVED C.ALIBER .SO A.IR.CKAFT 

same time. Pre~arations for procurcment oi' the neces- 
BARRELS 

sary barrel forgings for the production of these very In order to show clearly thc remarkable degree of 
superior bwrcls were in progress by the Ordnance improvement in firing pel-formance of caliber .50 air- 
Department when the procurement program was cur- craft mtickine gun barrels that i t  has been possible t o  
tailed aft,er V-J Day. make, the pertinent data are summ~rized in Figure 6, 

where cornparison is made on the very scvere CGL- 
24.5.4 Aluminum-Clad. Barrels 350 scheduie already described in section 24 1.3. All 

firings were made with AP-M2 ammunition and all 
In order to. evaluate the effect,s on performanct? that barrels were made of regular WD 4150 machine gun 

might be a(:hievt:d by the externsl cladding of regulaa steel. In  each case the number of rounds of total life 
steel barrels with a lightweight metal of high thcr.rna1 is a representative value. In  most cases it is an aver- 
conductivity, regul~ir 10-lb aircraft barrels were clad age from firings on ten or more barrels. In all cases a t  
a t  the Al-Fin Corporation with aluminu~n muffs by least two barrels were fired and gave closely agreeing 
the Al-Fin Therlnit hrocess.569 Theae barrels were ma- test data. 
chined at  Crane Company to yield a barrel (Figure 5) 
with circumferential fins, and stellite liners were in- 
serted in some of these barrels. The total barrel wcight 
was 11.5 lb. Firing tests on unlined barrels showed 
some improvemerlt in performance over 10-lb steel 
barrels with no aluminum mufi but severe powder gas 
erosion and flattening of the lands by the swaging im- 
pact of the projectile terminated life a t  an eiirly stage. 
When the stellite-lined, ,.aluminum clad, finned bar- 
rels were tested on the CGL-350 schedule, the per- 
formance was better than that of stellite-lined barrels 
without ~nuft's, but the aluminum melted and dripped 
from the h.ot ba,rrel. 

Thereupon, two morc lined harrels with solid alum- 
inum muffs were encased in a thin steel tube to hold 
in place any alu~ninum which might melt asd to take 
advantage of the heat of fusion of aluminum to cool 
the barrel. These barr*cls, ~vllich weiglledabout 13.51b1 
showed a performance somewhat superior to that of 
the unplated and lined 13-lb steel barrels describcd in 

'4.6 CHANGE OF BARREL STEEL TO 
ENHANCE PERFORMANCE 

24.5.1 Barrel Heating During Firing 

The laigtl overltll barrel temperatures attained dur- 
ing severe firing (Section 5.4.2) limit the life and per- 
formance of machine gun barrels in terms of both the 
length of' continuous  burst,^ and thc length and fre- 
quency of intermittent l.>ursts, This situation is not 
corrected by the use of an erosion resistant liner or 
plate, and therefore it prevents their complete utili- 
zation. 

Temperatures as high as 900 C at  a point 4.35 in. 
from the breech kind 0.068 in. from the bore of' a 10-lb 
caliber .50 ajrcralt barrel werc recordcd during the 
firing of severe schedules, as described in Section 
5.5.1. A temporary increase in bore diameter results 
from the thermal expansion of the barrel steel a t  these 





482 BARRELS BOTH STELLITE-LINED AND CHROMIUM-PLATED 

24.5.2 s p , cia1 Alloy Steels for Gun. Barrels 

The possible use of various steels and specitll high- 
iron alloys n.s bore-surface rnatcrials has already been 
discussed in Section 16.4.11. The conclusion was 
reached that bec~~use of their lack of resi~t~ance to 
powder. gas erosion, no steels or high-iron alloys tested 
have shown any outstanding promise as bore-surface 
materials under severe firing conditions. Trials of 
special barrel steels us a base for choked-muzde chro- 
mium plate on a hardened steel bore and of methods 
of hardening steel bores before plating have already 
been described in Section 23.2.1.. These steels were 
select,cd for their good hot-hardness and low ratc of 
loss ol hardness with time when heated in the range 
of temperatures :ttt8ained by caliber .50 aircr:Lft bar- 
rels during severe firing schedules. Of the steels tested, 
only barrels of molybdenunl steel (Mo, 3.0%; C, 
0.13%), whose bores had been induction hardened 
and then plated with cholred-muzzle chromitxm plate, 
showed performance equal to or slightly 'better than ni- 
tridcd anti similarly plated barrels of regular WD 4150 
machine gun b:~rrcl steel. 

In.contrast,, the use of a barrel steel with better 
high-temperat,t~rc properties than WD 41.50 gun steel 
gave moderate to substantial improvements in per- 
i'ormrtnce when machine gun barrcls with a stellite 
liner, with or without choked-muszle chromium plate 
ahead ol the liner., were subjected to firing tests. Be- 
fore terminatlion of the experimental program of Divi- 
sion 1 there was timc for only a rheconn:tissa8nce of the 
effects of change of composition and properties of 
barrel steel on the performance of stellite-lined and 
chromium-plated machine gun barrels. Enough spe- 
cial, steel barrels were made and firing tests completed 
to indieate that by change of barrel steel at  least a 
doubling of life could be obtained on severe schedulcs 
and that longer bi~rst~s of fire were possible and fcas- 
ible without serious impairment of barrel life. Under 
thc stress of war conditions, only a few readily avdl- 
able special steels tjhat could be obtained as bar stock 
or forgings of thc proper size ant1 which were ma- 
chinable by - conventional methods could bc tested 
as barrels."t is strongly recommended that more 
systematic and extensive studies of the effect of bar- 

rel steels on the life and perlormance ti1 stellite-lined 
barrels (with and without other features, such a,s 
plate ahead of the liner and special weight and con- 
tours) be pursued. 

24.5.5 Tests of Stellite-Lined Barrels 
Made of Special Steels 

The results of tests, cxtent of tcsting, snd progress 
on preparation for test of barrels of low-alloy steel6 
containing stellite lincrsc ma,y be summarized as fol- 
lows : 

Tem.plex Sbeel. Firing tests on four cstlibcr .50 ail.- 
craft barrels of Templex steel (ASTM Specification 
A 1.93-44 T Grade B 14, :i vanadium bearing SAE 
4140-typc steel) with a 9-in. liner of St,cllite No. 21 
showed that it is possible t c ~  fire zl continuous burst ol 
42.5 rounds without seriorxe inaccuracy and with little 
warping or wilting of the barrel. On control tests with 
similar lined barrels of WD 1150 gun steel t,he barrels 
distorted and the barrel blew out in an sttempt to 
fire such a long continuous burst. Thus use of the 
special steel gives a safety factor when emergency 
cornbat conditions necessitate a very long burst of 
fire. 

SY0 Molybdenum Xlcel. A firing test on a caliber .50 
aircraft barrel of a 3% molybdenum steel containing 
0.13% carbon wit>h a 9-in. liner of Stellite No. 21 
showed thitt the accuracy-life and velocity-life ob- 
tained from this barrel were supcrior to those ob- 
tained with similar lined barrels of WD 4150 gun steel 
when fired on the same severe schedule (CGL-350 
schedule). 

3% MolyBdenum Steel. Fifteen caliber -50 drc,raft 
barrels were prepared for test from a, steel having 
the composition: 2.05% Mo, 0.4.5% Mn, 0.10% Ni, 
0.03% Cr, 0.29% Si, 0.20% P, 0.015% Si, and 0.33% 
C. Five barrels had 9-in. liners of Stellite No. 21 in- 
serted. Two were fired and three were deli,vered to the 
Ordnance Department for its tests. The two barrels 
fired showed no improvement over WD 4150 steel be- 
cause the steel was not hardened. Five barrcls \\-ith 
9-in. liners of Stellite No. 21 were induction hardened 

Ordnallce was very rlluch interested in on both the outside diameter and on t,he bore and 
these reco~lnaissarncc st,udies and comerated hv havine a nor- were delivered to the Ordnance Department for test. 

A 

tion ol the special barrels prcpare,i at sprihgfield Armory 
from stecls supplied by contractors of Division 1 who had 
encountered difficulties in getting specla1 barrels inade proilll~t- ' All thcse stellitr liners were of thc design sllowil in Figure 1 
ly by the inachirie gun barrel manufaaturcrs. of Chapter 22. 
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The hardening on the outside diameter was per- 
formed to test the strengthening effect of such a hard- 
encd layer in preventing barrel expansion under very 
severe firing condit,ions. Five barrels recessed to re- 
ceive $in. liners of Stellite No. 21 and induction 
hardened on the outside diameter and on the bore 
were chromil~~n plated ahead of the liner recess. After 
this operation liners were inserted and the barrels de- 
livered to t,he Ordnance Department for test. The re- 
sults of the Ordnance Department tests of these several 
groups of barrels were not available when this sum- 
mary mas \vritt,en. 

Tirn1ce.r~ I722,:l Steel. Springfield Armory prepared 
for Division I six 13-lb caliber .50 aircraft machine 
gun barrels from Timken 17228 steel, which is a low- 
alloy steel sornen.hat similar to ordinary WD 4150gun 
steel but ni th superior high-ternperat~~re strength. 
Lincrs of special chromium-base alloys were inserted 
in four barrcls (Section 17.4.3) and stellite liners in 
two barrels. A11 b:zrrels were fired 5,000 rounds on the 
severe CGL-350 schedule \+ith no failure. Firing 
should be continued. 

The results of test,s, estent of testing and progress 
on prcpsration for test barrels of high-alloy steels are 
snmmarixecl beloll-. 

All of the high-alloy steels were difficult to  machine 
and there is some doubt as t o  whether i t  ~vould be 
practical to manufacture barrels for this reason. 
Another serious question is nhethcr during war time 
sufficient critical alloying elements mould be avail- 
able to permit the manufacture of a large number of 
barrels from such high-alloy steels. 

Chro-mow $tcel Ba.rrels. Ti\-o barrels of Chro-mom 
steel (5 Cr, 1.35 Mo, 1.25 W, I Si, 0.30 C) from the 
Crucible Steel Conlpany, xvitll !&in. liners of Stellite 
No. 21 were subjected t o  firing tests. The resirlts were 
somen-hat inco~lclusive because t,he barrels had been 
bored ovel.size for chromium plating, hut, no- plate 
mas applied. _Ift;er severe firing both the steel and 
liner shon-ed good resistance to erosion but the barrel 
was inacc,urate owing l;o t,he oversizc bore, 

Peerlcss A. Stccl. Four barrels of Peerless A stccl 
(9 W, 3.25 Cr, 0.25V,0.28 C) from the Crucit)le Stcel 
Co., with 9-in. lincrs of Stellite S o .  21. were tested. 
Thcy ba,ddoublc the life of similar barrels of WD4150 
gun steel on the CGL-350 schedule. 

XiEch,rome XCR Steel. Silchrome X(11Z stcel (24 Cr, 
6 Ni, 3 Mo, 0.45 C) from the Alleglleny-Ludlum Steel 

Corp. has better hig-h-temperature propcr1;ies than 
gun steel and when tested as a liner in the caliber .50 
heavy machine gun barrel showed better erosion re- 
sistance than WD 4150 gun steel. Thirty-two bars of 
t,his steel were sent to Springfield Armory by Djvi- 
sion 1 for the preparation of special barrels. Twenty 
special caliber .50 aircraft barrels (some regular 10-lb 
and some special 13-lb barrels with 9-in. liners of 
Stellite No. 21) were to be prepared as well as six 
caliber .30 aircraft barrels ~vith no liner. It was found 
impossible to drill or machine this steel because of 
hard spots in the steel supplied. 

Potomac Grade 81 Sleel. Springfield Armory pre- 
pared three 13-lb caliber .50 aircraft barrels of 
Potomac Grade 81 steel (4.8 Cr, 1.28 W, 1.3 Mo, 
0.20 V, 0.32 C) from the Allegheny-Ludlum Steel Corp. 
These barrels, which contained 9-in. liners of Stellite 
No. 21 were sent to Crant: Company for test. After 
termination of the NDRC contract a t  Crane, they 
mere transferred to the Ordnance Department for 
test. 

HIA Grade 160 Steel. Springfield Armory pre- 
pared three 13-lb caliber .50 ai.rcraft barrels of HIA 
Grade 1.60 stcel(4.9 Cr, 4 Mo, 1.8 Ni, 0.44 C) from the 
Allegheny-Ludlum Stcel Corporat;ion. These barrels, 
which contained 9-in. liners of Stellite No. 21 were 
sent t o  Crane Company for test. Aftter termination of 
the NDRC contract at  Crane, they were delivered to  
the Ordnance Department for test,. 

Grade 1084 Steel. Springfield Armory attempted to  
prepare three 13-lb caliher .50 aircraft barrels from 
Grade 1084 steel (9 Cr, 1 Mo, 0.26 C) from t,he Alle- 
gheny-Ludlum Steel Corp. Two barrels were spoilecl 
on-ing to the poor muchinability of this steel. One 
barrel was completed and sent to Cranc Co. for test. 
Owing to termination of the NDRC contmct at  
Crane, this barrel was transferred to the Ordnance 
Dep~trtment for test. 

Grade 1093 Steel. Crane Company obtained from. 
the Allegheny-Ludlum Stcel Corp. several bars of 
Grade 1.093 steel. They intended to send them to 
Springfield Armory, which was to prepare 13-lb cal- 
iber .50 aircraft barrels. Owing to the termination of 
tthe TU'DRC contract a t  Crane Company, th,is steel 
11-as never sent to the Armory. 

X B  Vu,lae Steel. Geophysical L:lboratory sent sev- 
erul bars of XB valve steel from the Allegheny-Lud- 
lum Steel Corp. t o  Springfield Armory. This steel has 
the composition 19.5 Cr, 1. .35 Ni, 2.29 Si, 0.76 C. Two 
regular caliber .50 aircraft barrels with 9-in. liners of 
Stellite No. 21 mere made and retained by the Ord- 
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nance Depxrtmenl; after termination of the exper- 
mcntal program of Division 1. 

Ezelloy Steel. Thrcc regular 10-lb caliber .50 ail:- 
craft barrels of tb.is steel were rnade for Crane Com- 
pany by Springfield Armory from Exelloy steel, 
.cvhich is a Crane Company steel containing 13% Cr, 
0.5y0 Ni, 0.1.:1.% C. One barrel without a liner gave a 
peiformance inferior to that of a regular WD 4150 
steel barrel. Regular Stelli te No. 21. liners were to 
have been inse~t,ed in the other two barrcls, btxt one 
barrel mas spoiled in processing. A &in. cstcrnal rein- 
forcing sleeve (Section 24.2) of Ternplex stccl (see 
above) mas fitted on the other barrel with a liner and 
it 11ras subjected t o  a tiring test. I ts  performance was 
comparable t,o a similarly reinforced WD 4150 steel 
barrel ~vitli, a liner except that the Eselloy steel bar- 
rel ruptured, terminating the test. The resistance of 
this steel to impact from the  bullet,^ apparently is 
vcry poor. 

Poto.m,ac Hot  Die Sl,eel. Six regular 10-11) caliber. .50 
aircrrtft btrrels of Potomac Hot Die Steel (5 Cr, 1..7 
Mo, 1.3 W, 1 Si, 0.33 C) from the Allegheny-Ludlum 
Stccl Corp. were made for Geophysical Laboratory 
by Springfield Arm.ory. These barrels ~vcrc for use in 
bore hardcrling prior to chromium plating but similar 
barrels could be used with liners. This stecl is vcry 
similar to  the Chro-inow steel, d,ready discussed. 

TR Hol Dii Steel. Two regular 10-lb caliber .50 
aircraft barrels ol  Tli  Hot Die Steel (1.0 W, 3.8 Cr, 
0.22 Ch, 0.7. Mo, 0.06 V, 0.34 C) from the Carpenter 
Steel Co. mere made for Geophysical Lal-)oratory by 
Springfield Armory. The steel was first hest treated 
to about 35 Roclrwell C. Both barrels were defective 

24.WPTTIMUM COMRINAT'CON FOK BEST 
PE1tPORM.ANCli 

In summary we may say that to obtain the best 
caliber .50 aircralt machine gun barrel, performancer 
the lo1lon:ing features should be combined: 

( I )  Breech liner of Stdlite No. 21, 9 in. long; 
(2) Choked-muzzle chromium plate ahead of the 

liner ; 
(3) Proper changc in weight and external contour 

of the barrel (total \+(eight and distribntio~~, of metvl 
consist,ent with cyclic rat,e of fire dcsiretl and max- 
inluln permissible weight). 

(4) Barrel inade from special heat-rssisting stccl 
with better elevated temperature propcrties than 
conventional machine gun barrel steel. 

(5) External or internal barrel cooljng, a subject 
c.liscussed in Scction 5.7. The cooperation of the Air 
Por.ces working hand in hancl with the tlevel.opers of 
gun, barrels, guns, and gun mounts will be necessary 
in order to cornbirle eifectively external k)t~i.rel cooling 
with the other improvements. 

Attention, is called hcre to some very suggestive 
firing t,est,s (Section 17.4.3) of 13-l'h calibcr .50 aircrall; 
barrcls of n special steel containing liners of two dif- 
ferent chromium-base alloys. Because of thcir higher 
melting t,cmperstures the chromium-base allov liners, 
unlike those of stellite (Section 19.5.2), should per- 
form well in firings with higher velocity tlinrnunit,ion 
using double-base powder. Further development and 
tests of the chromium-base alloy lincrs should bc 
made to evaluate their potentialities in machine gun 
bs.rrels under hypervelocity conditions. . - 

and were not fired. Pieces of this steel, whictll-las good r Melting or :ht least softenillg of  the blrllet jacliet, J . , . ~ ~ ~ ,  
high-temperature properties, were used at  Geophys- tional Ireat (Section B.l.2) may impose an additional limitation 
ical ~~b~~~~~~~ to make the esternal reinforcing on gun pcrl'ormance wtiell the prescnt gilding rneta,l j~lclcet is 

used. No material having greater st,rength st elevated temper- 
sleeves for regular W n  4150 steel barrels \\ritll stellite atures has becll slleeested that would not, incrcaae the fyic+,ional 

-n 

liners described in Section 21.2. wear (111 the harrel. 



Chapter 25 

PILOT PLAXTS FOR CHROMIUM-PLATING CALIBER .50 BARREJdS1" 
By V. Wichz~rnb and C. A. 1Marsh. 

r THE R.-\.I-HER RAPID JIEVELOPMEN~I~ of the improved 1 caliber 50  aircraft machine gun hnrrels described 
in Chapters 23 and 24 \ras nlade possible hy the set- 
ting-up of pilot plant,$ f o ~  snlsdl-scalc prodllction after 
ot,her es~cntials of design had h e n  tletcrrnined by 
1al:)orator.j- experiments. A brief chronologjcal ac- 
count oi the development ~ ~ h i c h  led to the adoption 

+krn1~, Ordnance of these impl*ovecI barrels to 
supersede the formerly sta,ndrtrd steel barrel is deemed 
worth while in order to evuluate t'he success of the 
pilot-plant projects. 

The nit,l-idcd, chronlium-p1st)etl caliber .50 aircraft, 
hnrrcl with choked rnuzzle \vas designed :IS a result of 
esperiments t80 find s suitable hot,-hard material to  
resist s\\-aging ant1 an adherent erosion-resistant pl:~t- 
ing to pltreni; po\\der-gas crosion ol the bore." The 
rholred nlrlzzle was to inc,rease the accuracy-life of 
the barrpl. The plating and electropolishing proce- 
dures (ilcecri1,ecl in Chaptel* 20) 11-ere 11-orketl out at  
the Nstional Br.ire:l,u oT Sta,ndards in ~ollaborst~ion 
rrith thc Geoph~~sical Laboratory, Carnegie Tnstitu- 
t,ion of Washington, I\-11cr.e firing tests snd esaminn- 
tion 01 fired ba~brels -\yere c:trried out tlo serv(: as a, 
liasis for cpccifications, as clescribed in Section 23.1.2. 

The technicjues crnployccl 1137 the X~~t ional  J3ul.eau 
of Standards \\-ere not necessarily pr:.~ctical for lsrgc- 
scale production. To prove thc practi~abilit~y of chro- 
mium-plating large quant,itics of calibel. .50 barrels, a 
cornmprcial p1:~ting company, tbc IT. B. Jsrvjs Corn- 
pan>-" was cl~osen in July 1944 to c:tr.~y out pilot- 

° This chapter is based largely on an irtfcn'mtl.1 report sub- 
mit,tecl 011 :Ko~embcl 29, 1945, to t,hc Nf~tional Bureau of 
Ptandardrs 1,- the Dochler-Jarvis Co~.po~.atiorr anil on the hral 
report142 I'rolil the Chrome Gage Corporation on Contract, 
ORhIsr-1444. The fol,mer report has not been distributed; and 
the l a t t c ~  has hail a very linlited ilistribution. 

Wilgineer, Division 1, KDRC!. (Present, address: New 
Torli, N .  IT.) 

Gco~hysii::~l Lab(jl.t~t,ory, Carnegie I~~st i tut~ion of li-ashing- 
(011. (Prc~eilt 3 d i l l . ~ ~ ~ :  U. R. Geological Survey, iT:~shington, 
u. C.) 

~LLatcl., the .lul,vis I)ivision of thc L)oehler-J>~l.vis Cor- 
poration. 

plant operat,ions resulting in linlitecl produot,io~i of 
barrels for testing purposes, under 3 subcontract \\-it11 
thc Geophysical IJabor~tory. Nccesstlry cl~a~nges in 
the recommended proc,edurc \\-el.e made in order to 
conlorn1 to procluction methods. 

An estcnsivc-: research program \\.as carried or.tt by 
the Geophysical Idahoratory and thc Jarvis Compsny 
to eva1uat)e tllc jmporta.nce of various steps in the 
plating procedure. C)n the basis of this research, final 
specifica.t,ions and the procedure outlined in Section 
25.2.1 w-erc est~al-,li~hed.~~ 

'i'herenpon, sevcrnl l-mndrecl barrels plated by the 
Ilochler-Jarvis C:orpol~it,ion n-cre delivcred by Divi- 
sion .I to the h i n y  Ordnaalce D e p ~ t ~ m e n t  lor test. 
This barrel \\;:is finally adopted for Scrvice use in 
J anuarjr 1 W.5. 294 

The nccd for immediately starttjng productioi~ of 
chromium-plat,od hnrrcls led the Ordnance Depart- 
ment to request the assist,mlce of Division 1 in gujd- 
ing prospect,ivc 0rclnn)nce aon.tlbact,ors. Thereupon, 
early in :I 945 a contract n-a.s arrsnged \\-it11 the 
Chrome Gage Corl~orat~ion 1'01. an additjonal pilot 
plant to serve speoificixlly as :I control for. 0rtln:mce 
production contracts. 

During thc: set,ting-up of the lat,t,cr pilot pl:~.nt, the 
Doehler-Jsrvjs Corporation continued to produce 
barrels for test at  the Geophy~ica~l J,:~boratory and 
for thc Services. In April 1945, production Jl-as 
startcd under a, separate Ordnance contrac,t ni th this 
conlpany. During the last, twomontlis of its operation, 
Doehler-.larvjs mas chromium plating almos1; 700 
barrels daily on that contract. 

13y the time t,hst a small numbcr of barrels had 
been produced by the Chromc Gage Corpor B .t' lon 
successiul espcriments 11-ith the "conlbinationl' bar- 
r l  (Chapter 24) led the Ordnance Department to 
cancel orders in .June 1045 for the nit,rided, chromium- 
plated barrcl with choked muzzle and to request 
prod~ct~iorl of the "combinal;ion" b:trrc.l. This barrel, 
\~-hich contained a 94,. liner of Stellite No. 21 and 
1~11ich \\,as chromium-plated ahead of the liner to 
give a choketl-muzzle, was found to ha,ve both a long 
accuracy-life and a long velocity-life. Tn spite of the 
necessity for developing ne\\, plating techniques for 
t,hc ('combination" barrel, several hundred barrels 
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were plated both by Chrome Gage and Doehler-Jarvis d. Roroscope. 
before the surrender of Japan brought about the e. Rinse and dry. 
closing of both pilot plants. f. Oil lightly. 

6. Gauge. 
a. Make out Record Sheet for each barrel and 

2s+2 PIL0:I' PLANT OF TH::E DOEBLER- enter all information up to this point. 
JARVIS CORPORATION b. Gauge lands and grooves a t  designated points 

25.2.1Plating I'rocedure for Nitrided Barrels 

The chromium-plating procedure recommended by 
the National Bureau of Standards, as given in Sec- 
tion 20.2.3, is essentially the one followed by Doehler- 
Jarvis. Some changes were made as a result of firing 
tests on several lots of barrels that were plated, with 
variations in the About 50 different 
experimental lots of barrels were plated, there being 
one to five barrels in a lot. The type of anode, the 
trivalent chrornium content of the bath, times of plat- 
ing, current density, longitudinal distribution of chro- 
mium, length of reversal of ourrent prior tjo plating, 
method of scrubbing the bore, and so on, were varied 
independently. The barrels were tested by firing and 
carefully examined. The resulting preferred proce- 
dure is listed below together with appropriatenotes 
on the various steps. Also the changes that were made 
from time to  tixnc are noted. A diagram of the three 
principal steps in the process of producing the im- 
proved barrel from a standard barrel is ~hown as 
Figure 1 of Chapter 23. 
. Decoppering was one of the steps listed in Section 

20.2.3. This was done, in t,he case of the nitrided bar- 
rels, before nitriding and so i t  is not included here. 
Also for a discussion of thc nitriding and tests prior 
to plating, the reader is referrcd to Section 23.1.2. 

OUTLINE OF PROCEDURE 

The steps in the procedure will not only be listed 
but will be giouped as follows: 

1. Receive, unpack, check quantity and type. 
2. Buff muzzle bearing to remove chromium 

plate. 
3. Number, giving lot number, Doehler-Jamis 

identification "J," and serial number, ( h a m -  
ple-L2- J20). 

4. Paint barrel with stop-off laciuer. 
5. Clean barrel. 

a. Swab with solvent (Triad). 
b. Scrub with inhibited hydrochloric acid and 

pumice. 
c. Scrub with alkaline cleaner and pumice. 

and gauge centering cylinder. 
c. Enter above information on Record Sheet. 
d. Determine time for electropolishing and en- 

ter on Sheet. 
7. Clean barrel. 

a. Same as Step No. 5 except that boroscoping 
and final oiling is unnecessary. 

8. Back for electropolish. 
a. Assemble fittings and anode, making sure 

fittings are clean, insulators are in good re- 
pair, and that anode is clean and straight. 
IJse Saran tube over anode when inserting in 
barrel. This tube must be wiped with solvent 
each time before use. Anode must be checked 
for tension. 

b. Assemble hanger with above assembly, mak- 
ing sure that all contacting points are clean 
and that the barrel hangs straight. 

9. Electropolish (see Figure 1 of Chapter 23). 
a. Check temperaturc of solution (108-112 F) 

and see t,h:it agitation is const,ant &nd ade- 
quate. 

b. Place barrel in t,ank and make connections. 
c. Apply current, starting with 9-1.0 volts. Am- 

perage will drop after a short time. When 
this occurs, adjust current to 90 amp. 

d. Electropolish for designated time. Operator 
should place tag on hanger showing ('Time 
In" and "Tim(: Out." Also a record of t,his 
operation is to be made on sheet provided for 
this purpose. 

10. Clean and unrack. 
a. Rinse with spent CrOa solution. 
b. Rinse with water. 
c. Unrack. 
d. Rinse. 
e. Scrub with pumice and cleaner. 
f . Rinse and dry. 
g. Oil lightly. 

11. G'auge. 
a. Gauge lands and grooves at designated 

points and record on Record Sheet. 
b. Calculate and enter amount removed on 

Sheet. 
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c. Calculate plating time and ent,er on Record 
Sheet. 

1.2. Clean. 
a. Same as Step No. 7. 

13. Rack for plating. 
a. Same procedure ftnd precautions as under 

Step No. 8. 
14. Pretreat (anodic etch in chromic acid). 

a. Check temperature of pretreat tank (125 I!) 
and check agitation. 

b. Place barrel in tank, makc connections, and 
apply current for 5 min at  70 amp. 

15. Plate (See Figure 1 of Chapter 23). 
a. Check temperature of plating tank (122-123 

F) t,\\-icc a shift and check agitation. 
b. Removc barrel from reversing bar (in pre- 

treat t'ank) and place on plating bar. Make 
co~lnect~ions and applv currcnt at  70 amp for 
designated time. Tagging and recording as 
in Step No. (3. 

16. Clean and unrack. 
a. Same 8,s Step No. 10 e s c q t  thst  rinsing be- 

fore unracking is done with water only. First, 
cold and then bot water is used. 

1.7. Gauge. 
a. Read 1:tnds ant1 grooves at  designated points 

anti cent,ering cylinder. 
b. Calculate antl record thickness of platme. 
c. Calc~lat~e ratio for thickness at  breech and 

muzzle a ~ l d  plating speed. 
d. Placc all barrels, O.I<. antl rcjects, in bos or 

t,ruok for reinoval to Final Inspection. 
e. Transfer R,ecord Sheets to Final Inspection. 

18, Inspect finally. 
a. Boroscope. 
b. Check grtuging records for completeness and 

compliance x i t h  specific climensions and tol- 
erktnces. 

c Place 0 .K.  barrels in space provided. 
d. Send rejccted barrels back for stripping and 

replating or place ~ l t h  scrap barrels. 
e. Make propcr disposition of all Record 

Sheets. 
f.  Enter information on all Record Sheets on 

"Disposition" sheet. This sheet must show 
status of each barrel plated. 

19. Keniove paint and prepare for shipment. 
a. List 0.R. harrcls according to lot and barrel 

number.. 

t)recch end with tl wire brush to  remove rust, 
scale, and chemical deposits. 

c. Paint m olive drab band 4 in. wide around 
each barrel 2 in. behind front muzzle bear- 
ing. 

d. Dip barrel in rust-proofing oil, \\-rap in pnper 
antl pack. Check lot and serial number 
against list. 

Degreasiag. During intervals when the barrcls were 
not being treated in some one of the various solutions, 
it was necessary t,o keep then1 oiled t,o prevent rust- 
ing. The grease or oil had to be removed prior to some 
of the steps of t,hc procedure. This was done by swat,- 
bing the bore \\-ith Triad. 

Scrubbin,g. Before gauging the nitrided barrels prior 
t o  c?lectropolishing i t  \\*as necessnry to scrub the bore 
to rcmove the brittle iron nitride layer. This opera- 
tion was perfornied \~-ith a tightly fitting patch or i 
\\+irr: brush on a cleaning rod, using powdered prlmice 
and a dilute, inhibited hydrochloric acid solution; 50 
per cent concentrated I-ICI by volume plus 10 ml per 
liter of "Rodine" inhibitor. A 1)oroscope 1~ :~s  used to 
differentiate betkveeu a well-scrubbed bore and one 
with a nitride layer. 

A scrub mith alkaline cleaner was alwt~ys employed 
after one with hydrochloric acid. Other scrubbing 
oper:l;tions when rtcid \\-as not used were usually car- 
ried out with the clcaner plus powdered pumicc. The 
solution contained 8 oz/gal. of a commercial cleaner. 

Rinsiny. Thorough rinsing was always necessary 
after the barrels had been subjected to scrubbing, 
polishirg, or plating solutions. After the ~1r:ctropol- 
ishing, the bores were rinsed mith a small amount of 
spent chromic acid plating solut,ion to  avoid etching 
by sulfuric acid ~vh ich  occurs \+hen the polishing solu- 
tion is diluted. .After the electroplating, a hot rinse 
was used t,o facilitate the dr.ying which had to be done 
as quickly as possible. A cold rinse was employed first 
to  remove the bulk of the plating solution so the hot 
rinsing tank -\vould not become contaminated. 

Oilz~ng. As m:~s stated above, oiling 1'1'1as necessary 
between some steps to prevcnt rusting. Finger print 
removing oil was applied lightly. 

b. R.einovc paint and thorough1-y clean barrel The gauging before electropolishing and electro- 
inside and o1.1C. Clean threads and flutes ~ l t  plating mas carried out with a Sheffield Prccisionaire 
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gauge. This served not only as a routine ch.ecli on the 
barrels duri*1g processing but enabled the operator to 
calculste the times "ce berrels should remain in the 
solutions in ofder to obtrlin dimerlsions tlmt were 
within the specjfied tol(-:ranees. 

Pre1imin:ir.y gauging after chromium-plating to de- 
termine the diametcr of th.e centering cylinder. was 
done by means of plug g:i.mges. The first of the final 
gauging operations mede use of the Sheffield Preci- 
sionaire gauge. If the barrels \?-ere forlrld to be within 
the climensionsl tolerances, they were taken to the 
next operations (Nos. 18 and 19). If not satisfactory, 
they were regauged wit,h s li'edera,l Star Gauge. As a 
rcsnlt of this step they were either accepted. or re- 
jected or put into the "merit" classification. 

To remove sufficient metal from the bore to accom- 
inodate thc cllromiun~ plate that was to be added and 
to remove burrs and sharp corners, the bores of the 
barrels mere clectropolished using the solution de- 
scribed in Section 20.2.3. The solution, lrept a t  108- 
112 F, contained 50% by volume eaah oI concentrated 
(96%) sulfuric acid and ~oncent~rated (75%) phos- 
Fho~.j.c :~.,cicl. I ts  specific gl'rtvity was maintained be- 
tween I .Cis and 1.76 by adding or evaporating water. 
A ?&-in. diameter copper rod plated with a lead-tin 
a.lloy..(0.005 in. thick) was used as a cathode. The 
initid current applied was higher tthan the correct 
operatting current (93 amp, mhi.ch gave a current den- 
sity of 2.50 amp per sq It). If the initi.al current was 
Io\v, fullo\\-ed by an increase, the bore might be etched 
instead of polished. Vigorous air agitation mas ncccs- 
sary to prevent a taper. 

With the above procedure, the polishirlg rate mas 
about 0.001 in. on, th.e diametcr- in 10 min. The time 
usually required was slightly more 1;han tcn minutes. 

After the barrsls \yere assembled in the pla,ting 
hs,th a reversal ol current prior t o  plating was applied 
for 5 min, a time determined by esperimental work. 
This p~.ocedure, which cleaned the bore surface and 
giLve it a slight etch, was fourid to improve the adhe- 
sion of' the chromiu~n plate to the steel. 

The bn.rrels 1ver.e platcd with HC chromium (see 
Section 20.2.2) in such a mannrr that the deposit was 

thicker : ~ t  the muzzle end th:m near the breech. This 
taper was automatically obtained \&en tkc proce- 
dure given belov was followed. The conditions \\-hich 
affect thc anlount of' taper are discussccl in. Section 
20.2.3. 

The solution, kept; at  122 + 2 I?, corlt'ained 250 + 
10 g chromic acid (Cr.03) and 2.5 g i- 0.1 anlq-drous sul- 
f'nric acid pcr. liter. During continuous use of hhe 
tanks, the amount of chromium redrlcetl t,o the triva- 
lent state increased with a resultant substantial in- 
crease in the plating speed s~ that corrections in t,he 
plating time had to be ma,de. Also, tapercd an,od.es ($is 
in. a t  the muszlc crld and % in. ajt the kreech end) 
were tried when, as 3, reault of operation, the s,mount 
of t,rivalent chromium in the bath affected the tn,pcl.. 
The anodc to be used when the solutions were new 
IY:LS a. y6-in. steel rod plated wit11 s lead-tin :~lloy 
(0.005 in. thick). Either a %-in. or %-in, anode was 
used depending on the age of the bath. The plating. 
current \\-as 69 amp, 11-Ilich gave a current) density of 
190 amp per. sq It. Air agitation insurcd :L unilorm 
tempcratu~~e and bath composition. 

The assenlbling of the b~~rrels,  anodes, and fittings 
for plating was essentially the same s,s for clectropol- 
ishing. The ba.iqrels were pl:~,ted with the ~zzuzzle end 
up and the current conrlection vas  m:i,de at the top of 
the anode. It was necessary to stop-oft the first 3j.i 
in. a t  thc breech end ol the coated steel anode with 
Saran tubing so t,liat thc co~*responding secl;ion of the 
ch.amber ~vould not be plutetl. 

The plating rate for a new bath was ahout 0.00.1, in. 
per hour on the diameLer at  31% in. from the muzzle, 
which is just ahead of the origin of: rifling, 

The fjnishcd bore surface \\-as to have n con1;inuous 
bright plate that lvss free from nodules, blisters, Ralr- 
ing, or other surface imperfec1;ions. 

li'it,tings uscd to center and insulate the a,n.odcs :~ncl 
the current connections are shown in Figiu.es :3 and 4 
in Chapter 20. 

SIMPI~IFTFD ~>ROCB:DURE 

A simplified procedure, in which several steps 1vel.c 
omitted, was tried on one lot of barrels after tlle 0r.d- 
nance Department had approved some ba,ri*els pl:i,ted 
by the above procetlure. It was found t,o be satis- 
factory. 

The major changes were the omission, of lacquer- 
ing (Step 4 of Section 25.2.1.), and the omission 
of the scrubbing and gauging pitior to eleclropolish- 
ing (Steps 5 6 ,  and 7 of Section 25.2.1 ), since the latter 





FIGURE 2. Floor plan of pilot plant set up by Chrome Gage Corporat,ion for chromium plat,ing caliber .50 machine gun barrels. (From OSRD Report NO. 
6517.) 
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HAND OPERATED 
PUMICING UNIT 

AND PLATING 
FIXTURE ASSEMBLY 

' 11. 24' 1 1 "  

FIGURE 6. Floor p l ~ n  of  experimental plating unit in Chrome Gage pilot plant. (From 0SB.U Report No. 6517.) 

INSPECTION 
T A B L E  

An experimental plating unit suitable for a large 
range of work had been in operation slightly over 3 
months. I ts  floor plan is shown in Figure 6 and an in- 
terior view of it in Figure 7. 

Noteworthy among the designs of equipment were 
ones for the following: a plating fixtui.e and clamp for 
the gun barrel to provide for concentricity of anode, 
good electi.ica1 contact, and ease of assembly and 
handling; an efficient pneumatic pumicing unit for 
scrubbing the bores; a boroscope inspection unit; an 
improved star gauge; and an  electrical bore gauge 
involving a new application of a strain gauge, as 
is described in Section 25.3.5. Groups of barrels 
were handled by the overhead conveyor shown in 
Figure 8. 

Interpretation of test results was facilitated by the 
recording methods devised. Samples of Form CGC 

No. 1, "Barrel Inspection Before P1:tt,ing1) and of 
Form CGC No. 2, "Gauging Record" are fihown in 
Figures 9 and 10, respectively, with appropriate data 
filled in for actual barrels. These two forms wcre to be 
used for all barrels put through the production line, 
as well as for experimental barrels. 

In addition a "Graphic Record" was maintained 
on Form CGC No. 3 (Figure 1.1) for each barrel in the 
experimental plating unit to  show the bore diameter 
through the length of the barrel initially, after electro- 
polishing, after plating, and after. a firing test. The 
conditionsfor electropolishing and electroplatingwere 
recorded on the same Sorm. TWO other forms were 
also used for the experimental barrels to record the 
details of the firing test and the appearance of the 
bore surface as shown by a boroscope examination 
after the test. 

INSPECTION TABLE 

ELECTRICAL 

BORE GAUGE 

8 
RECTIFIERS Z X  1 0 0 A - 6 V  

-+ 2'0" + 

A 7' 0 "  PIT 7 

t 

- 

Cr O3 ETCH 

BOROSCOPE 
AIR GAUGE 
STAR GAUGE 

5 .  J m  

i - 
10' 2 " 

m = 0 r . P 
= 2 
u z 
9" 
x- 4 * * 
m r . X 
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CGC No. 1 
BARREL LNSPECTION BEFORE PLATING 

i v 9 e  1::: 7 c 3 t  A 
& " , u f a w  ssvrrsr;m,- . BFlrrel No.=- J.4 

~hawing 7161530 - a ~ d ~ i q  . . -- Hardness R15N -- 
~: YW _ no 
Mw-t d&+ghf#ifktg 0. K._-- Reject 

Resaons for Rejection: 
Burrs on Origin of ILilling 
Rough Surface 
Deep Tool Marks 
Chattered 
Wrong Dimension 
Actual Dimensinn 

Condition of Chamber: 0. K. Rqeci  - . -. 

Reasclue for Rejection: 
Rough Su- 
Deep Tool Marks 
Chattered 

Bore Straighbesa: 0. K. ---2 - Reject --- 

b n s  for Rejection: 
uettwtive Machining 
Imperfect Lands 
Erwssive Pits 
Cracka, Checks, Etc. 

Remarks: 
L*;ITIG; Chitter ~;;rt.j on i.916~ bp t s  tbaut 3 :c. fran 

j u n c t i ~ n ;  bur?: st :i;t;'tl . A ;  B::? ;sil'e r -:;,.;, 
:nd rs,;g-d c h x f ? r  ( 1 ~ r  e r  i I/:,? i r . . )  

Chrome Ga@e Co~poratiou, Phila, h. 
CGC No. 1 

Froues 9. Chronl~2 Gngr: Corp. Form KO. 1, "13:~rrcI 
Inspectiun Belurc Plnl.irlg." 

CGc No. 2 Date J u l y  22,  1925 

GAGING RECORD 

MEASUREMENTS 
INCHES FROM MUZZLE Test A 

C L -3. F ~ Q  

2 3  15 I 1, 1 1.3 1 
1 I I I 

Mamuer, F. .Wlr t  Report Appmved by - 
Recorder, L. Bennett C h m e  Gage Corporation, Ptiiladelphie, Pe 
CCC No. 2 

FICTJRE 10. C~I.OII~(: Ciagc Corp. Form S o .  2, "Cr:iging 
I~.ecord." 
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B R E E C H  P O S I T I O N  A L O N G  A X I S  O F  B A R R E L  
M U Z Z L E  

P~cuxfi 11. CGC Form No. 3, "Graphic Record," showing horc diameter of caliher .50 barrel initially, after electro- 
polishing, after plat,ing, and after having been test fired. 

were definite indications t,lutt it mould be possible to (2), and (3) express the current and voltage a,cross 
plate barrels ~ ~ i t h o u t  dummy liners and obtain satis- the solul;io11 and the current through a section of the 
factory plating results. anode, in terms of thc geometry show-n in Figurc 12. 

In all these experiments on the barrels to contain 
lincrs, the barrels were electropolished with thc breech 1 - 1  ,---.----- sinh a(l - x) 
end up so that the slight taper produced would be in x - sinh a1 ' (1.1 
the same direction as the tapcr produced later by the . aIo cnsh n(1 - x) 
plating operation and thus the amount of plating Zz = - -- 

. ~ d  sinh a1 ' 
(2) 

necessary to offset a reverse taper, produced by pol- 
ishing with the m u ~ d e  end up, mould not be required. E, = E p  + P~IO.----- cosh a(l - x) 

sinh at .. (3) 

CUERENT DISTRIBUTION ALONG A CYLINDRICAL In these equations I is the current, i the current den- 
ANOD.E sity, E the voltage across the solution, EP the voltage 

A iomnla for the distribution of thc current along of polarization, 1 the le.igth (in cm) of exposed anode, 
the anode, assuming a unilorm resistance of both d diameter of bore, a2 the ratio r / p  (where r is the 
anode and solution. was developed. Equations (I), resistance per unit length of the anode and p the 
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"combjnation" barrels with stellite or other erosion 3. neveloprncnt of a reasonably reliable gsuge for 
resistant liner already inserted ; measuring the thickness of the plate, in order to solve 

2.  experiment,^ loolcing toward simplificatio~~ of the problem of checking thc concentriciky of the plate 
thc plating procedure ; with the bore. 



PL4RT VII  

HYPERVELOCITY GUNS AN.D PROJECTILES 

Whcn nlen are t~wived at the goel, they should not t u ~ l  
bacli. -Plu.!orch 

"Of the Training of Children" 





Chapter 26 

SHORT LINERS -4ND OTHER DESIGN FEA.TURES OF GUN TUBES 
By C~~illiarn R. Sh~aller~herger;~ 

E I~OSION-RESIST~~WL) ~LIT~~~RIAT,S  have been dcvel- 
oped to increase the lifc of gun barrels, as de- 

~cribed in C'haptcr LG. For various reasons, however, 
it is not practical to construct complete barrels of 
such mitte~.inls. Therefore giln barrels and t,ubes still 
need t,o be nude of steel int,o n-hich short erosion-re- 
sistant liners are inserted at  the breech end. In  gen- 
e~xl ,  the insertion of such liners introduces problems 
not cncolmtei.etl in tubes of monobloc constructio~i or 
in ones containing full-length stecl liners. (Figure 1.) 

The imp~overnents made in mnchinc gun barrels 
by tho use of stellite lincrs have becn djscussed in 
C'ha,ptt!r 22. One of the purposes of the present chap- 
t,er is to describe various nletllods thitt h:~ve been 
used to insert stellite liners in machine gun barrels as 
illust~*:tt,ioas of how the gcnertll rllethods: in use for 
clesigning gun t:itbes need to be modified t,o utilize 
c:rosion-resistnnt ~nat~crials. The erperi~nent~s already 
cond~lcted by Division 1 n-it;h replaceable stecl liners 
(Section 20.3) poinl; the way ton-ard one means of 
utilizing erosion-rcsist:~nt rnnt,crials i ~ i  medium cdi- 
Iwr gune. 

The specific clcsigns suggcsLed for a molybdenum 
liner for a, 3-in./TO-cal. gun are described in Section 
33.1.3. One ol' the special features ol t h e ~ n  is the 
staV(;-type OS construction, already describcd in Scc- 
tion 1S.5.2. An analysis ui  t,Illle stahesses in t,hhcse liners 
i.s present,ed in Section 26.4, following a reviel~- of the 
usual forrnulss for thc stresses in shrunk-in lincrs. 
C:onsideration is also given to the cffect on liner inser- 
tfion ol a difference l j e t ~ r e c ~ ~  the coefficient of tl~e~*ni:tl 
expansion of steel and the liner mat)erial, such as 
moly bdcnurn. 

The stress dist~.ihut~ion in liners may also be in- 
flucncecl by tthe design of rifling itnd the use 01' 

Engineer, Engiucering :ind Transition Office, Kl3R.C. 
(Prese~lt xrldrese: Grar~rtcla llill, San Femarirlo, California.) 
U-hile this ch:q>l.er u-as beir~g edited, n-bich nas after 311.. 
Sha1lcnbt?rger hacl left XDR.C:, sevcral snlall ~tdditions were 
lilade tmo d,, in ordcr to take C ~ L I . ~  of relatcd subjccts llot; treat- 
c.cl elsnvhere in the volume: Scr:tinn 26.3 \\-us pspar~l:lcd by Dr. 
3.  F. Schxirer; Seclions 26.5.1 snrl 26.5.2 nvre s.clded by the 
Editor; and Seclion 26.6.3 n-as pr.epsr.ctl by 3JissC. A. lIars11. 
(Editor's note.) . 

pre-engraved pi*ojectiles, as discussed in Srlction 
26.6. 

2L2 MEANS O:F HOLUlNG R I1;SISTA N1? 
1,'LNERS :LN PL 4.C:E 

\%'hen :L lincr is insert~d into a gun barrel i t  is nec- 
essary that the liner he held rigidly in placr:. The ac- 
t,ion of t,hc projectile, in being accelersted down the 
bore, iipplies forccs on the liner tending to move it 
forward and to  rotate it. If the lincr mores forward, 
the liner and thc barrel at  the for\\,arcl joint become 
ul~sct a i d  corlstric,t the bore, while rot,at,ion (:,I the 
liner ilioves the rifling out of aliglirrlent and cituses 
double-engraving ol the projectile. 

Fr~rntrn 1. A succcssinl gun lincr ruust follow lhe 
mon~erttary changes in dilncnsions of the \\-llcrlc gull 
tu1)c. caused by passage of the projectile \\-ithtrut unclel.- 
going permanent set and without crtlcking. 

Various methods are used to secure the liner in the 
tull~e. Two of these mcthoils produce an inte~*ferent:e 
fit between the tubc and lincr, so t,hat :I high radial 
pressure exist,s :tt t;he illtcrf'ace. In the r::tsc of ma- 
chine gnn barrels movcment has been prevented mc- 
chanically. Also it has been proposed to  hold the liner 
by bonding it t o  the tube. The insertion of erosion- 
resistant liners for test purposes 113s ali~eadv been de- 
ecri1)ed in Secttion 1.1.2.2. 

2s.2.z Shrink-Fit of Tube and Liner 

T ~ I C  means developed by the Crane Company for 
Division 1 for i~~sert ing : ~ n d  securing stellite liners in 
caliber .50 ~nachirie gun barrels \\as suhseclucntly 
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used for n e d y  all procluctio~l of t,hese barrels (luring 
World War 11. This met,hod, as dcscribed in Section 
22.2.1, consisted essent,ially of boring out a recess at  
the breech end of the barrel extending approximately 
8 in. forward of the origin of rifling, and shrink-fitting 
a rifled cylindricid liner into the recess. A shoulder 
near the breech end of the liner butted against a cor- 
responding sho~llder in the barrel to prevent forward 
motion of the liner. Figure 1 of Chapter 22 shows the 
asscmbly of this type of caliber .50 lincr and barrel. 

The Savagc Arms Corporation,, on a production 
contract with the Ordnance Department, employed 
an assembly mcthod similar to that of the Crane 
C:omps.ny, with a few exceptions. Rifling of the barrel 
was done after assembly, using the rifled liner a,s a 
guide for the rifling tool. When it was decided to 
chromium-plate the barrel tihead of thc liner (Chapter 
24) i.t became necessary to rifle the barrcl before plat- 
ing and assembly, and use an indexing arbor during 
assembly to align the rifling. Instead of tack-welding 
the retainer to the barrcl to prevent unscrewing, tlne 
threads of the retaincr were silver-soldered to the 
threads in the barrel. 

a light plating of copper or indium. This plating was, 
of course, removed after rifling. 

Helical grooves on the outside of the plug formed 
the desired rifling by zl, swaging action. Displacement 
of metal caused thc liner and retainer to take a per- 
nlanent expansion, thus loclcing them securely in the 
barrel. Since the amount of expansion and elastic re- 
covery are dependent, upon the wall thickness, it was 
necessary that the k~arrel cont,our be cylindrical be- 
fore rifling, t , ~  prevent a taper in the finished bore. 
The outside of the barrel was machined to the de- 
sired contour after rifling. 

It was felt that the high interface pressure result- 
ing from swage-rifling ~vould be suficient to prevent 
forward motion of the liner and that the shorrlder 
could bc: eliminated. Therefore, an alternate design 
was made as shown in Figure 2. Cylindrical bar stock 
was bored through with $1 diameter of 0.300 in. and 
thcn counterbored at  one end to a diameter 010.430 
in. for thc liner. The liner and, a steel ring were also 
bored through and turned to an outside diameter of 
0.430 in. After inserting the liner and retainer ring 
and plating the inside surface, the assembly \+-as 
swage-rifled, as desari1)ed previously. The chamber 

Expansiorl of the Liner by Draw was then reamed in the normal manner. The steel re- 

Rifling tainer ring could have heen eliminated, but mas ilsed 
to reduce the amount of stellite retrnired and to pre- 

Interference between the barrel rtnd liner wss 
usedl" to prevent movement of the liner, but this 
method produced the interference after assembly 
rather than before. To obtain the desired interfer- 
ence, the liner was expanded sufficiently to give it a 
permanent set by forcing a plug through it. The ex- 
terior of this plug was so shs~ped that at  the same 
time it expandcd the barrel, i t  also fomed the d i n g .  
Two types of lincr assemblies were prepared in this 
way by Remington Arms for the caliber .30 Brown- 
ing macline gun, M2-AC, M191.7A.1, and M1919AG.b 
The first was copicd from the Crane design for caliber 
.30 (Section 22.5.1) except that the rifling and cham- 
bering operations were not performed prior to assem- 
bly, nor were interference fits used. N te r  assembly 
the threaded breech end was screwed into a face plate 
on a La Pointe hydraulic push broach. The tungsten- 
carbide rifling plug or L'button," pushed through the 

vent the stellite from coming to 3, feLtther. edge, 
which might break off easily. 

This rnethoil ol assembly is very inexpensive on 
account ol the small uinount of machining required. 
and also effects considerable savings in stellite by 
eliminating the flange at, the end. One serious dis- 
advantage of swage-rifling the entire asscmbly is that, 
i t  docs not permit chromium-plating the barrel before 
assembly, because the plate .would not withstand the 
rifling process. As dcscrihed in Chapter 24, such plitte 
ahcad of the liner more than doubles hhc useful life of 
a stellite-lined caliber .50 nzaohine gun barrel, I ts  
value for the caliber .30 barrels was not determined 
by Divisio~l 1. Recausc of the reduced severity of 
erosion in this gun, coxnpared with, the caliber .50, it 
is qucstionable ~vhether chromium plate ahead of the 
stellitc liner is necessary. 

'barrel with a rotary motion, required asbout 5 sec to Mechanical Retention of the Liner 
pass through the barrel. To reduce friction :ind pre- 

- 

vent galling during rifling, the bore surface was gi,ven The methods of inser1;ing and retaining stellite 
liners in caliber .30 machine gun barrels previously 

Experimental work along the same lines was also done on 
,..liber ,50 wn barrels but di(l not progress as discussed relied upon interference between the liner 
that on the caliber .30.136 and the bn.rre1. A/Iechanical methods of holding the 
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, , 

LINER BUSHING 
I 

LINER 

BARREL 

DRAW RIFLED BARREL ASSEMBLY 

FINISHED BARREL 

FLG~TRE 2.  Caliber 31) Browning machine gun barrel assembly, R41917Al-121, \\-it11 stmight liner of Stcllit,~ KO. 21; 
R.emington desigrl. (This figure 11-as  taker^, from 5DR.C Report No. A-463.) 

liner 1ver.c also de~;eloped.~" By avoiding shrink-fits, 
i t  \\-as felt that laa.ger machining tolerances could bc 
used, thus simplifying and speeding production. 

One promising design, sl-lo\vn in Figure 3, consisted 
of com~tert)oring the breech end of the ba,rrel to the 
depth necessary t,o accorn~nodate the liner. *4 flangc- 
less lincr was inserted in the recess and retitined by a 
simple set screw. Rifling of the liner and barrel could 
be done separate1;v before assembly, or the liner could 
be rifled before assembly and used to guide the rifling 
bar for rifling t8he hnrrel. Although this method per- 

formed satisfactorily \-ll~en using a steel liner, i t  \\-as 
not tried with LL stcllite liner, becausc of the possibil- 
ity of crumbling of the feather edgc: at  the breech end 
of t,hc stellite. Subsequently, the Iielsey-Hayes 
Whecl Company, on a produc,tion contrsct for caliber 
.50 barrels, tldoptcd a design using such a leather- 
edge without dificulty. FTence the dcsign presumably 
~vould be prac,.l;ical for stellite. 

To avoid this feather-edge the design she\\-n in 
Figure 4 was devised. In this design, thc barrel and 
liner. were pre-rifled nnd the liner inserted \vitth a loose 

NO RETAINER REQUIRED 

FEATHER EDGE 

Y / B B // 

F r ~ ~ ~ f t s  3. Calibe~ .30 R1.011-ning nlxchine gun barrel :~sscmbly 11-ith flangeleas liner.; ,Johns011 'desig~~. (This I'rgurc IRE 
appeared ae Figure 2 in KDIZC ICcport S o .  A-455.) 
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I BOTTOMING SHOULDER- 

U I ~ I J R E  4. Caliber. .30 Erowni~lg nlechinc gun harrel asserxlbly, M2, with stellite liner s t a h d  with pins; Johnson dc- 
sign. (This figurc has appear.ecl as Figure 4 in NDRC Report, No. A-455.) 

or. light press-tit. To determine what; tolerances \rere 
recluircd, several assemblies were made nlit,li diiTment 
clearances over a range of several thousandths ol an 
inch.. All perfol.meci satjsfactorijy, indicating that 
close ttolerances were not required. Forward motion 
of the liner T I - ~ S  preventcd t ~ y  u sl-loulder on the lin.er, 
which seated on a corresponding shoulder. in the bar- 
rel. To prevent-rotation oi the liner., the breech end of 
the liner b 1 - i ~ ~  faced at  an angle and. the Sormard cnd of 
the cliamber piece mas faced at a corresponding 
angle. l'he chamber piece vTas held in placc and pre- 
vented from rotating by t~vo tapcrcd pins t;hat se- 
cured it  to  the barrel. 

26.2.5 Bonding or JAiner lo Barrel 

Various methods of bonding -2 ste1l.ite liner. to a 
machine gun barrel \vere'proposed. Samples of stellite 
copper-brazed to gun st,ccl prcparcd by salt-bath 
brazing showed satisfactory bond s t l a n g t l ~ ~  'There- 
fore designs were nmde and a program forrnulatcd for 
the experimental produ.ction of stellite-lined caliber 
.50 barrels assembled by brazing. T\vo types were to 
be built and tested. One typ-e mas t o b e  brazed over 
the &ire length of the liner and separat,e chamber 
piece. In  the other type, t,he stellite was to be Ponded 
(by casting) to a steel end and this steel end to be 
brazed to the barrel. ~ f t ; e r  assembly, the liner and 
barrel were t,o be swage-rifled by the process dc- 
scribed in Section 26.2.3. It is r:ccomn~cndecl that this 
unfinished project be completed. 

In ot,her experiments stellite.wns bonded to stcel 
by the process commonly knoll-n as the Al-Fin proc- 

ess." This process has been used vcry successfully to 
bond aluminum muffs or finned surfaccs to steel cyl- 
inders for aircraft, e n g i n e ~ . ~ ~ ~ I o w e v e r ,  tests showd 
scrious wealiening of the joint at  high temperat,nres, 
in the case of tbc stellite-st& assembly. 

Stellite has been successfully bonded to steel by 
centrifugal casting into steel t ~ b e s . ' ~ T h e s e  tubes 
with t,heir stcllite linings were experimentally assem- 
bled into caliber .50 barrels by standard insertion 
methods. Thc firing testsRn showed that a stFllite lin- 
ing preparcd in this way gave a performance equiv- 
alent t'o that of an in.vestment-cast liner.  attempt,^ 
mere to havc been msrle to cast stellitc cent,rifugally 
di1:ectly into barrel forgings bored out to receive it, 
eit,her as short breech linings or as full-length linings. 
On account ol termination. of Division 1's expcrimen- 
t,ul program in. 1945, this project was not conlplctcd. 
I t  is recommended that the Services ~ndert~alce to 
finish it). 

26.3 INSERTION OF A REPT,ACEABLE 
STEEL LINER 

2".3.1. Purpose 01 a Replaceable Steel Liner 

The erosio11 of steel gun 1;ubes as described in 
Chapter 10 is particularly severe at  and near the ori- 
gin of rifling; but significant erosion also occms for 
several calibers ahead of this region. This enlarge- 
ment of the bore by causing a rapid and undesirable 
drop in muzzle velocity and in some cases mulfunc- 
tiorling of the ammunition limits the useful life oi the 
gun tube. 

This work was carried out, by t,he A. I?. Holden Co. linder This work was curried o i ~ t  by the A1-Fin Corporation 
Corltract OEDIsr-1473. Uecause the work under t)hat contract under Contract OEMsr-1494. Recause the work 11nder that 
dicl riot progress much beyond the plt~n~lirlg -stage, thc final contract did'not progress rnuc:h beyond the plrtnning stage, the 
report contair~ed few details. Therefore it has not been issued final report ~omtained few details. Therefore it has not been 
as a I'ormad NCI1.C yeport. j s ~ n e d  as a lormxl NnRC report. 
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life in this may was of especial interest in the spring 
RESULTS OF FIRING T~:STS 

of 1944, when considerntion was being given by the 
Army to firing this gun with double-base powder in 
order to increase if;s muzzle ~eloci ty.~~O 

The liner shown in Figure 5 was ti4 in. long, an9 
weighed about 250 Ib, in contraat to t,he weight of the 
90-mrn gun tube, MI,  which is 1,465 Ib. This same 
figure shows the breech end of the recessed tube 
and the gas sealing lip on the forward end of the 
liner. 

For the purpose of saving time, a liner was ma- 
chincd from a tube which had muzzle defects but a 
perfect breech end, the chamber of which was re- 
tained in,  the liner. The main tubc into which the 
liner was inserted had defective rifling at  the origin 
but otherwise was pedcct. In recessing for the lincr, 
this defect was, of coufse, removed. In  the fabrica- 
tion of the three liners, the tube was used as a pxttern 
in order to avoid prep:j.ring gauges. 

A liner can be assembled and disassembled by tjwo 
mcn in :%bout 20 min, which is much less than the 
t i~ne  required for unscrewing the tube from the 
l~reech ring or for dismounting the tube and the 
breech ring. No difficulties were experienced in re- 
moving a liner after firing as many as 553 rounds. A 
ring of "copper" about 0.01 in. thick formed at; the 
joint shead of the liner, but always adhered to the 
liner when it was svithdrawn. 

The assembly with a 90-mm M I  tube and inter- 
changeable, replaceable steel liners was designated by 
the Ordnance Department as 90-mm Gun, T19, and 
was tcsted for Division I at  Aberdecn Proving 
Ground. All tests so frtr have bcen successful. Three 
liners havc been fired from the same tube. Nearly all 
rounds were fired with FNH-M2 (double-base) pow- 
der and APC srnmuaition. Firing was at  normal 
rates in groups of 25 or 32 rounds. 

The first liner' was fired 321 rounds and then re- 
pla.ced by a second. Thc liner had not worn excessive- 
ly but was replaced on account of an increase jn 
diameter of about 0.010 in. in tthe tube ahead ol th.e 
liner. Star-gauge readings during the course of t,he 
test hati indicated that wear of the forward end of the 
liner cvould approximately equal that of thc barrel 
just ahead of i t  whcn the latter had become 0.010 in., 
so this figure was chosen as a criterion to indicate the 
time to change liners. Actually performance was sat- 
isfactory at  this stage of erosion. 

Introduction of 1;hc sccond liner restored the gun to 
approximately new tube pel-formance. This restora- 
tion of performance in terms of velocity is shown very 
well by the rcsults presentcd in Figure 6. 

The second liner was fircd 553 rounds, a t  which 
stage malfuncticlning of thc, ~tmmunition occurred 

0- LINER "A" 
U- LINER "B" 
A- LINER "c" 

2500 I I I I I I I I I I J 
0 100 2 0 0  300 400 500 600 7 0 0  , 8 0 0  900 1000 ~1100 

TUBE ROUND NUMBER 

pi curt^ G .  Velocity loss wllli veplaceabIe steel linera "A," "B," :~nd '"2' fired i n  F)O-rnn~ gull, TlS. (Ahcrdecr* Proving 
Ground Merno Reports, O.P. Ti102 ) 
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L I N E R  "A"- 
"B"- --. - 

FIGURE 7. Lalid erosion of ~eplaceable steel liners "A" and "B" fired in SO-mln gun t,ube, T19. (This graph la basecl on 
data givcn in Aberdeen P~vving Grourld Mc~no R.cport,s, U.P. 6102.) 

and thc tcst was discontinued. I ts  rate of crosion was 
thc same n.s that of thc first lincr, as s h o w  in Figure 
7. The third lincr has been fired several hundred 
rounds. No di6.culties n-it,h interchangeabilit,~. or re- 
placeability have been enc~unt~erecl. 

In  order to evalunte the potentid ust:fuhiesl;; of a 
replaceable steel liner, tn-o further steps are needed. 
The first is to  continnc thc firing t,ests itlreadp made, 
using as mimy additions1 liners as would be required 
to rcndcr the main tube unfit for further ser~icc. The 
encl of its life presumably u-ould occur because ol the 
e ros io~~ ahead of the liner. The rat,e of this erosion is 
independent of the condition of the tube a.t the origin 
of rifling, for a graph oi this erosion as a function of 
the t,ot:tl number of roi~ncls fired in thc tube, s b o ~ ~ n  in 
Figure 8, does not rcflcct the replacement of liner 
"A" t~fter round 321. A similar comparison after the 
insertion of liner "C" nTas not possi1)Ie kccause the 
borc diameter of the t,ube proper decreased instead of 
increased, presumably becaitllse of coppr:ring. No in- 
formation is available by which to form fin sst,in~ate 

of how much erosion in this region can be ttolel-~it,ed 
without either serio~lsly wcskening the tube or caus- 
ing malfunctioning oi the annnunit,ion. 

After. the true end of life had been dcterrnined in 
terms of the number N of liners that coulcl be inserted 
in the salne tube, the nest step \r:ould be to find out 
whether the use of these liners was economical. Thc 
cost of manufacturing, and shipping t,o a theater ol 
war, one recessed tubc plus N liners should be cow- 
pared 1%-it,h the total cost of manufacturing :incl ship- 
ping N nlonobloc tubes. h fairly rigorous comparison 
could bc rnade on the basis of an engineering study of 
the manufacturing operation. Thc tolerances t,llat, 
nlust be maintained are very close, being of the order 
of one thousandth of an inch on the diarnctcrs of the 
lincr and of t,lle rcccssed hole in the tube. If there is 
Inore play than this small amo~mt, the liner expands 
excessively, and tthen is not readily removable, as 
\\-as found with the second dcsign of 75-nmnl liner. 
Wit)ll modcrn manufacturing mr:thod,s tthe necessary 
tolerances ciin bc achieved in production. 
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FIGURE 8. J,and erosion of 90-mm gun tubc, TI9 just beyond junction of tube and ~'eplaceable stccl line]', when fired 
\z,il'r* liners "A" and "13." (This graph is baser1 on dt~ ta  give11 in Aberdccn Proving Ground Memo lteports, O.P. 61.02.1 

26.4 APPLICATION OF TI-IEOKY OF TUBE 26.4.2 

STRESSES' 
Theories of Failure 

26.4.1 Introduction - A  simple tensile or compression member can nsual- 
ly be considered to  have failcd when the simple 

While many approximate and exact tl~eories of stress in that member reaches or cxceecls the yield 
tllbe stresses have bcen formulated, thc resulting 
equations (some of which are presented in Chapter 7) 
are in general too unn-ieldy for use in routine design 
work. For this rcason, escept ~vllerc grcat accuracy is 
required, many assumpt,ions are made, which result 
in simple equations having an accuracy usually as 
good ss  the fundamental data. It is the purpose of 
this sc:c!tion to discuss and illustrate the application 
ol thcsc simplified equations to t8he clesi.gn of hy- 
pervelocity gun tubes, especially thosc containing 
liners. 

Therc are four basic assilmptions made: (I) that 
the section being considered is a small section of B 

t,hick-wall tubc having infinite length and constant 
contour, (2) that the internal pressure is eq~lally dis- 
tributed and acts only radially so that there arc no 
longitudinal stresses, (3) thatt the L a d  formula ex- 
presses the radial distribution of tangential stresses, 
and (4) that the material is at  all times in the clastic 
state. 
-- 

cA review5" of some phases of this suhjcct, based on work 
carricd out by Massachusetts Institute of Technology for the 
Navy Bureau of Ovdnance during the war, has been published 
rcccntly. (Editor's nols in proof -) 

strength (or elastic limit) of the maherial as measured 
in the usual tension or compression test. However, 
for members subjected to more than one principal 
stress, this thcory does not yield satisfactory results. 
For example, in a gun t~tbe,  failure might, occur be- 
fore any of the principal stresses reached the yield 
strength. 

Two theories of failure of gun tubes havc been ex- 
tensively used. Until recently, the gun d.esigners of 
the A m y  and Navy used the "maximuin strain the- 
ory" (St. Venant). This theory states that failure 
occurs when any part is strained beyond the strain 
corresponding to the $eld strength as determined by 
the usual tensile tcst. This criterion of failurc has 
been superseded by the "shear-energy theoryJ7 
(Mises-IIencky) (also called 'Ldistortion-energy7'), 
~ L i c h  states that failure may be considered to occur 
when the shear-energy in a unit volume of the ma- 
terial exceeds the shear-energy per un.it volume a t  the 
yield point in thc usual tensile test. This might also 
be expressed by stating that failure occurs when the 
( L  equivalent," stress exceeds the yicld strength. The 

ey,uivalent stress js calculated by equation (I), which 
is t,he same as equation (4:) of- Chapter 7. In  this 
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eq~~~i t ion  U ,  = equivalent, stress; (T, = tangential In order to  prevent fuilurc therefore, tlic material 
stress; v, = r3di:il stl.csB ; and (T, = 1ongitudin:tl of which the tube is made must have a yield stl.ength 
stress. of L L ~  least 123,200 psi. This calculation does not take 

1 ,,. -- 

-/'i r, - 41.)2 + (ur - c,)' 4 (ul - dt):.  (1) account of any sdcty f:ictors, conversion from copper 
ve = d2 to true pressure, or proof pressm~e, thesc having p1.e- 

surnably been considered in arriving at  the ma,ximum 
26.4,s pressure of 60,000 psi. Sl,ress .Distribution in a 

Thick- Wall Tube 
nesig~i Procedure for Cannon Tubes 

JWlcn a thick-11~al1 tube is sub.iected to  both inter- 
nal and external prcssures, the stresses througllout The Ordnance Depa~:tinent of the Army has devcl- 
the ~vall are not constant bnt vary from the inner to oped a procedure to be follo\vcd in the dcsign of can- 
the outer surface, as a function of the radius. This non tubes, other t)hnn auto-frettaged In the 
distribution of the stresses is given by ~quat~ions (2a, use of this rnethocl the stress equations (3) ha8ve been 
b, and c), ~vllich are the so-called Lam6 formula pre- simplified to  equation (4, 
scnted in a, different notation inequations (I), (2), and 
(3) of Chapter 7. Here p = Poisson's ratio (usually d?rnT. Y xTF1 (4) 

taken as 0.3 for gun steel) ; pa = internal pressure ; 
for Y, the stress in pounds pcr square inch itt 11-hich 

p b  = estcrnd pressure ; ra = internal radius ; ra 
yielding occurs, in terms of P, the actual internal 

= external radius; r = radius to  any section. 
(pon~dcr) pressure (in pounds per square inch) and 

~ h ~ l l , ,  - 1;."p, IV, the wail r:ttio of thc-tube, definedas above. For a 

t ( )  (Zd given yield strength, the tangential resistance (max- 
imum pressure without strcssing beyond the yield 

~,,!~p, - ~ ~ , ~ p ~  7 J - I ;  1 strength) will be R, which is defined by ecluation (5). 
,.*? a 

J7(TT'-O - 1 '1 

For a gun tube, which is subjected to  internal pres- 
sure only, cquations (2) reduce to  equations (3), 

in which W ,  the 11-all rat,io, is defined as T ~ / Y ,  or 
dald,. Tensile stresscs are considcred positive, while 
conlpressive stresses and prcssures are considered 
negative. 

As an example, consider a tube having an internal 
pressure of 60,000 psi; inside diameter, 3 in.; and out- 
side diameter, G in. From equtttion (3) the three 
principal st'resscs are cdculsted as : 

a, = 80,000 psi 
G ,  = --($0,000 psi 
a, = - 12,000 psi. 

Substituting these values in equation (I) yields a 
rs l i~c  of 123,200 psi for the equivalent stress. 

This tangential resista~~cc must be not less than R', 
defincd by equation (6) in which Pi = rat,ed masi- 
nlurn PO\\-dcr pressure (copper) ; 1.2 = conversion 
from copper gauge t o  actual pressure ; 1.15 ---- ratio 
of proof pressure to  rated maximum ; and F.S. = fac- 
tor of safcty. 

The factor of safety should be as high as is consist- 
ent with dimensional rest'rictions of the gun, and in 
no case less than 1.05 over the region of espected 
m a s i r n u  pressurc. Factors of safety a t  thc muzzle 
(not considering muzzle- bells) will normally be 
about 3. 

The yield strength measured at  0.1 per cent offset, 
as specified by U. S. Army Specification 57-1068, is 
approximately 10,000 psi higllcr than the true elastic 
s1;rength of the steel."O Therefore thc yield strength 
to be used in the above calculations-for tangential 
resistance must bc 10,000 psi less tha11 that measurcd 
a t  0.1 per cent offset. 

A rcp~rt '~" has bccn written recently as an aid in 
the designing of guns. It contains an excellent set of 
equat'ions, tablcs, and gr:lphs covering a wide rrunge 
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of wall ratios, with good explanations of the methods in which E is the modulus of elasticity. Then the 
of finding the combined effects of band and gas pres- change in outside diametber of the liner is given by 
sures. There is also a well-outlined method of sep- equation (8). 
arating the localized uniform band pressure from that 2Pb'arb rb2 f ra2 
of the traveling wave. The- fundamentals of gun de- ADL = 2rbel = -- - 

EL ( TI? - rn2 pi). (8) 
sign have been-discussed in two other reports, in 
one307 of xvllich particular attention is to radial Similarly, for the tube (inside radius = rb, outside 
vibrations and in the otherno to longitudinal stresses. radius = rc and internal pressure = ~ b )  the change 

in outside diameter is given by equation (9). 

26.4.5 Stresses in Shrunk-In Liners 2~03, ( r :~  + rh2 A D T = - -  
For many years both the Army and the Navy have ET rc2 - rb2 (9) 

made medium- and large-caliber guns of the "built- ~h~ ditlmetral interference I betTveen the liner 
up" type, in which a full-length liner is shrunk into and tube 1~11 be determined in general by equation 
the tube. In  general, the use of shrunk tubes and ( 1 0 )  

\IW/. 

liners tends to reduce maximum stresses, making the 
assembly capable of withstanding higher powder I = ADT - ADI, 
pressures without failure than can the ordinary 
monobloc tube. Therefore in some models an addi- rc2 + rb2 
tional jacket is shrunk on the outside of the tube over = 2~brb [& (T7yrd? - PT) f 
the rear portion that is exposed to  the maximum 
powder pressure. - 

This same method is useful for preventing move- 
ment of un erosion-resistant liner, as has been men- If both the tube and liner have the same modulus 
tioned in Section 26.2.2. of elasticity, E, and Poisson's ratio, p, equation (10) 

Sincc actual interference does not exist after the reduces to  equation (1 I). 
parts havc been shrunk together, there is a high pres- 
sure between the tube and liner. This pressure creates 
stresses in the tube and liner, even with the gun a t  
rest. To these stresses should be added algebraically 
the stresses produced in a monobloc tube by the 
powder pressure, in order to obtain the pressure at 
any point during firing. 

In the discussion that follows, the assumptions are 
made that (I)  the radid externd pressure on the liner 
is equal to the radial internal pressure on the tube, 
(2 )  no shear forces exist between the tube and liner, 
and (3) the external radid deformation of the liner 
plus the internal radial deformation of the tube is 
equal to the radial interference. 

For a liner with uniform external pressure, accord- 
ing to equations (2 ) ,  the simple stresses at  the out- 
side surface are given by equations (7a and b), and 
the unit tangential strain by equation (7c). 

2rb rc2 + rb2 r,? + ,h2 I =  -- 
E [ r," ril rb2 - ra2 

From this equation the shrinkage prcssure caused by 
any given shrink-fit interference may be computed. 
Thus, if a liner having 0.50 in. ID, 0.75 in. OD, 
I3 = 50,000,000 psi, p = 0.3, is shrunk in a tube 
having 0.75 in. ID, 1.3 in. OD, E = 30,000,000 psi, 
p = 0.3, an interference of 0.001 in. between the tube 
and liner will cause a shrinkage pressure of 14,800 psi. 

At the bore surface of the liner, the tangential 
stress produced by the shrinkage pressure is given by 
equation (12)) which is derived from equation (2a) by 
substitution of the boundary conditions r = r, and 
pb = 0. This stress will be negative, indicating that 
the surface is in compression. Whbn powder pressure 
is applied 

ur = pb. (7b) this surface is in tension. Thus the shrinkage pressure 
tends to  reduce the stress produced by the gas pres- 
surc, and higher gas prcssurcs may bc used than if the 

(7c) barrel had been of monobloc construction. 
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'6.5 SPECIAL PROBLEMS IN INSERTION 
OF EKOSTON-RRSIST.ANT LINERS 

26.5.1 Support 01 Brittle Liner M a t e r i a l s  

Tbe insertion of stellitc liners described in Section 
26.2~-as simplified by the fact that Stellite No. 21 has 
yield strength and drlctility closely approaching 
those of gun steel, as may be seen by examination of 
Table 4 in Chapter 19. This is true both at  room 
temperature and at  the elevated temperatures that 
occur in gun barrels during firing. Also tfhe modulus 
of elasticity and thc coefficient of thermal expansion 
of Stellitc KO. 21 do not differ greatly from those of 
gun stecl. Becanst: of this similar it,^ in properties the 
stress distribution in a stellite liner is not greatly dif- 
ferent from that in a similar steel liner. 

For a liner of a brittle material, however, a much. 
less favorable situation exists. A single application of 
thc pon-der pressure will crack such a liner inserted i11 
the ways described in Section 26.2. The situation ex- 
pressed by equation (12) suggests a way of circurn- 
venting this difficulty. By putting the liner under 
strong: coinpression initially, jt is possil3le to counter- 
balance the pol-der pressure so that even during 
firing the liner remains in slight compression. In  this 
way i t  was possible to prevent longitudinal cracking 
of caliber .50 liners of the brittle chroinium-base alloy 
described in Chapter I T .  h compressi.ve hoop stress 
of from 90,000 to 100,000 psi \\-\-us imposed on the liner 
by a severc shrink-fit. 

26.5.2 Effect of Differences in 
Therm a1 Properties 

The successful, use of a large compressive hoop 
stress in pcventing cracking of a brittle liner requires 
that thc coefficient of thermal expansion of the liner 
material should be not too much smaller than that of 
the st,eel in which i t  is inserted. Other~visc during 
firing, especially in a machirle gun barrel, the barrel 
is likely to expand a\+-av from the liner. 

One of t,he di.ficulties of the utilization of molyb- 
denum as a gun liner material is that i.t has :i l o l ~  
coefficient of thermal espansion. As nlay be seen from 
the two c,urves in Figure 9, steel espands linearly 
more than twice as much as n~olybclenllm. The prob- 
lem is further complicittcd by its high rnoduh~s of 
elasticity n-hicli causes it to bear an undue proportion 
of the iiltcrnal pressure in t,he gun tube. With such n. 
tube the heat exchange between the powder gases, 
the molybdenum liner, and the steel container de- 

pends in 1arg.c measurc on the ratio of the thermal 
constants of molybdenum and steel. Roughly speak- 
illg, the specific heat of molyk)denum is one-helf that 
of stecl, the thermal conduct,iviI,y is twice us great, 
and the thermal expansion one-third as large. Therc- 
fore, if a given amount of heat is applied to a given 
insulated Inass of rnolybdcrlurn its temperature in- 
crease is nearly t,\vice as grcst as that of a similar 
mass of steel under. the same conditions. For a 
molyhdenun~ liner cont,ained in a steel jacket and 

TEMPERATURE I N  DEGREES C 

FTGURE 9. ' 7'11(:rln&l cspansion of slcel and of  molyb- 
denum contaillilig 0.1 11131. ccr~t cobalt. ('J'tlis Ggurc has 
appcared as l?igun: 3 in NDlZC R.cport No. A-423.) 

subjected to the hot powdcr gases in a gun bore, the 
temperature does not, a t  first rise trs high as if it were 
insulated, since the heat i t  receives is rapidly con- 
ducted to the steel jacket. The consequent heat,irlg of 
the steel j~lckct may cause i t  to  expand so much more 
than the molybdenun~ lincr that the latter is left 
unsupported. 

In  the rneantinlc continuing flow of heat into the 
~nolybdenum from the powdcr gases mil1 raise its 
temperature and increase its cspansion. The intcr- 
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ruption of heat flolv into the steel jacket woi~ld per- shrink-fit. Hence, it  does not seem unreason:ible to 
mit it  to cool :md contract until thc steel and molyb- cxpect that given a seamless molybdcnum tube hay- 
denum suriuces come'jnto contact again, alter which ing the properties just mentioned, it c m  be success- 
the process mould be repeatcd. This cyclc of heating fully inscrted as a gmn lincr by shrink-fitting alone. 
and cooling might, cause thcrmal stresscs in molyb- 
denum which would causc disastrous cracking. 26.5.3 Stresses in Stave-Type 1: ~lncrs ' 

In  the first tests of molybdenum liners, this difi- 
culty was preven.ted by shrinking and brazing t,he 
molybdenum tube into a sleeve of an iron-nickel- 
cobalt-titaniu~n alloy, designated as Ti-Elovar. This 
alloy has the lowest coefficient of linear expansion in 
the range 20 to  500 degrees centigrade of any dloy 
that has both high, strength and good elongation. 
The use of the Ti-Rovar sleeve made it  possible to 
fire a-1.00-round burst through one of these molyb- 
denum liners inserted in a caliber .50 heavy machine 
gun barrel without c r a c k i ~ ~ g . ~ T J l e  ultimate tangen- 
tial strength of the molybdenum had been meas- 
ured-as 84,000 psi. 

Its ductility was probably less than that of the 
molybdenum prepared lat,er by the improved work- 
ing schedule described in Section 1.8.3.2. 

An answer to the quest,ion ofwhether the foregoing 
situation will be of real importance in the usc of B 

seamless molybdenum liner cannot be given until a 
sample of ~nolybdenum having superior physical 
properties has been prepared. It may we11 be that 
molybdenum having an ultimate tangential strength 
of say :1.20,000 psi and slight ductility will be able to 
resist successfully the deformation just described. 
Molybdenum with this high a tensile strength would 
also have a correspondingly high compressive 
stl.cngth and would thereforc stand a rather severe 

Another means that has been successful in virtual- 
ly elirnina,ting longitudinal cracking in a rnolybdenmv 
liner is the stave type of construction described in 
Section 18.5.2. With this arrangement the t'angential 
stresses tending to  prorluce tensile failure merely 
open up the seams between staves. The stress pro- 
cluced in such stave-type liners has been analyzed in 
the following terms.52 
h cross section of a stave or longitudinal segment 

lor s four-stave liner is shown in Figure 10. Assuming 
that the liner fits loosely, it is acted upon by normal' 
forccs over the entire outside surface equal to thc PX- 
ploaion pressure p and by frictional forces pp  set up 
on the outside surface hy sliding of the stave in the 
harrel as the- l-~arrel expands. Neglecting bending mo- 
ments, the tensile stress a t  B, the center line of the 
outside of the stave, is givcn by equation (13), 

where p is the explosion pressure, p the coefficient of 
friction, the segment angle (radians), r the radius to 
the outside of the segment, h the thickness of the 
segment. To determine the equivalent stress, zero 
axial extension was assumed so that a, = 0,3(al 
- p). Since uv = -p ,  the equivalent stress, based on 
equation (I), is given by equation (14). 

g .  = 0.88p.\i$ + 1.8% + 1, 
P P 

(14) 

which may be transformed to  equation (15) by corn- 
bination with equation (13). 

-- -.-A 

a, = 0 . 4 4 ~ d ( p c u r / h ) ~  - 0.4(par/h.) + 0.8 (1.5) 

This equation shows thttt both the simple and 
equivalent stresses (for a given ga.s pressure) are 
a funct,ion of the nondjmensional ratio ( p r / h )  
alone, and that as this ratio increases the stresses 
likewise increase. Obviously, then, it  is desirable to 
make this ratio small by (I) lubricating the surfwe 

FIGURE 10. Cross scction of a longitudinal segment or. 
"st~ave" of a four-st<ave gun liner, showing the lorces 

betwcen the stave and barrel, (2) using a large nuni- 

acting on it. (This figmte haR appeared FiWre 16 i n  ber of staves, and (3) using thick-111alled staves. 
NDRC Report No. A-273.) Table 1 shows the stresscs in a st,ave-type liner for 
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T.~BLE 1. Calculated strcsses in stave-type lincrs lor caliber .50 gun a t  explosion pressrlrc of 80,000 psiPr 
.- 

.-,-. 

Thiclcness Coefficient Fonr-stavc (a = r /2)  Two-stave (a = r )  
of lirler of friction q t  u, * ~t ue * 
Ir (in.) fi (psi) (psi) (psi) (psi) 

F i i  0.2 - 51,000 315,400 - 21,000 54,700 
.4 - 22,000 54,000 37,000 101,500 
.6 8,000 77,500 96,000 1.52,OOO 
.8 37,000 101,500 106,000t 162,000t 

$;i 0.2 - 34,000 48,000 12,000 80,700 
:4 12,000 80,700 105,OOOt I60,OOOt 
.ti 58,000 119,500 106,000 t 162,000t 
.8 105,000 160,000 t 108,OOOt 162,000t 

* Eqoivnlent stress bnsed on shear-ener~y theory, Erluution 15. Nepativc miylls indicnte cornpresion. Axial ~itress taketl as 0.3(#, - P )  corretipondiny 
to scro axial extcnsiwn. 

t These valucs are pmctically thc same as for a aea~nlcsv liner. 

a caliber .50 gun a t  explosion pressures of 80,000 psi, 
computed by equ~ition (15) for t;wo different liner 
thicknesses, tn-o different values of a, and four dif- 
ferent valucs of p. 

An important conchnsion from equation (13) is 
that, undcr t,he assl~nlpt,ions made, the tangential 
stress in liners of a given numnher of stnves in guns of 
difierent calibers  till bc the same provided that the 
wall ratio :~nd t,he coefficient of friction remain 
constant. 

Increusillg the number of st,:lves to decrease the 
tangential stress in ei~ch one introcluccs the problem 
of rest,raining t,he stavcs. Rrrtaing has been success- 
fully uscdsj for ten-stave liners fired a relatively few 
rounds in ttlle caliber .50 erosion-testing gun (Sec- 
tion 11.2.1). For larger caliber g~uls brazing would be 
considerably I-1-lore difficult and might be less suc- 
cessful. 

A mecl-lsnical scheme for keying' the stal-es of a 
multistave liner in place has been suggested. Each 
stave is machincd with a tonguo on its back surlace 
to fit into a corresponding groove in a stteel jacket. 
The tongues should be shapcd as sho~i-n in the plsnc 

F~tiu~iz 11. P~.oposcd metl~od of keying t,hc staves of x 
Xj~ler into x steel g u r l  barrel. (This figure was taken 
from y, monthly progress report, fi.oni the Geophysical 
Isaboratory on Contract OEJIsr-51.) 

section perpendicular to the axis represented by Fig- 
ure 11. so that their tightness may not bc affected by 
the different thermal expansion of the s tme and the 
stecl jacket. I n  general, the back of a stave is bound- 
ed by four planes having a common Line of intersec- 
tion, and similar plane surfaces form the grooves and 
thrust bearing surfaces in the jacket. Because of the 
mechanical difficulties inherent in this design, it  has 
not yet been tried. 

DESIGN OF RIFLING 
26.6.1 Rifling Requirements of 

Hypervelocity Guns 

The hypervelocity guns to which Division 1 has 
given consideration have been oncs for firing spin.- 
stabilized projectiles.' Hence thc bore surface of the 
gun tube is rinecl with helical grooves in order to im- 
part spin to the projectile by cngagement with a soft 
mctd jacket on bullcts or a soft metal rotating band 
on artillery projectiles 

The rotational velocity of a projectile is directly 
proportional to the muzzle velocit,y IV-hen i t  is fired 
from guns having the same tmist of rifling. Fort1.1- 
nately the stability relations, discussed in Chapter 8, 
are such that if the projectile is stab1.e a t  one velocity 
i t  is stalde s t  all velocities. Therefore the twist of 
rifling of a hypervelocity gml needs to  be no different 
from that of s lower velocity gun in order to make 
the projectile stable. 

The stabjlivtttion of projcchiles by means of fins or in other 
ways xas r ~ o t  investigated. B may be notcd in passing, how- 
ever, that the crosion-resistant materials developed by the 
Division \could be just as useful for hypervclocity smootli-bore 
guns. Also the ~bsence of rifling \vould increase the ease of 
application and 7%-ould permit the utilization of relatively thick, 
hard coatings that are not practical for riflcd gun tubes. 
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The torsional moment excrted, on the engraved 
projectile band by the rifling increases as the square 
of the velocity. The strength of the band material 
cannot be increased indefinitely without seriously in- 
creasing the band pressure (Chapter 7). Thcrefore 
the strength of the band appears to bc a serious ljm- 
itation to the use of: jaclreted or banded projectiles at 
velocities in excess of about 4,000 fps. An answer to 
this problem is to be found in the use of pre-engraved 
projectiles, as discussed in Section 27.3. 

Regardless of: whether banded or pre-engraved 
projectiles are fired, the form of the rifling of a hyper- 
velocity gun should be modified slightly i.n order to 
strengthen it, for the torque exerted on the rifling by 
the projectile also increases as the square of the 
velocity. 

26.6.2 Factors Affecting the 
Strength ol: Rifling 

For a given torque on the projecl;ile, the bearing 
pressure between the rifling and the projectile is in- 
versely proportional to the depth of the grooves, the 
width of the rotating band, and the nurnbcr of lands 
and grooves. It is obviously desirable to keep this 
pressure as low as possible to prevent wear. 

Increasing thc groove depth in the caliber .50 ero- 
sion-testing gun (Section 11.2.1) from 0.005 in. t,o 
0.01.0 in. gave increased velocity-life at muzzle veloci- 
ties of 4,000 ips. Naturally, engrwing stresses and 
radial bore pressures were increased when using en- 
graving-type bullets, but the resulting wear wss not 
proportional. Ohviously a compromise must be made 
t o  prevent irltroduction of one problem by eliminat- 
ing another. 

Firing t,est,s indicated that pre-engraved projectiles 
(Section 27.3.3), having engraving twicc as deep as 
n o m d ,  showed only 1 to  2 per cent greater drag than 
a smooth projectile and that depth of rifling had so 
little effect that deep rifling is not detrimental to ex- 
terior bellistics. Furthermore fewer and wider lands 
decrease drag by reducing the frontal area of the 
projectile, thils favoring this design. 

because ol erosion, since the narrow lands are easily 
crushed or worn by thc engraving bullet and melted 
by the gas blast. To be sure, an incrcased number of 
lands and grooves increases bearing Lzrea arld cle- 
creases bearing strcsses, but increased area can be 
better obtained by other means. 

When deeper grooves are used, it appears desirable 
to make the lands wjder.. This reduces the bending 
stresses a t  the roots of thc lands, and also reduces 
shearing stresses in the lands. It must be rcmembcred 
that as the width of Imds is increased, thc width of 
splincs engraved on the rotating band is decreased 
and may lead to  excessive shearing strcsses there. 
When using juclcelcd or banded projectiles wide 
lands require high engraving pressures and may 
require additional strength in the gun tube. This 
need not be considered with pre-engraved pro- 
jectiles. 

Wide lands have a further advantage in that they 
reduce the possibility of body engraving, by giving a 
larger area of support to the projectile. It appears 
desirable, when using pre-engraved projectiles, to 
have the rifling as nlucli as two to four times as deep 
and the lands two or three tti.mes as widc ax is uscd in 
conventional guns. It is also suggested that not more 
t l lm 12 lands and ,grooves should be used in guns 
over about 3 inches caliber and a fewer number on 
srhaller sizes. 

Wide lands improve launclling conditions by giv- 
ing better support to the projectile while in the bore. 
It is easier to maintain accurate bore dimensions 
with iewcr snd wider lands and the effect of bore 
clearance is reduced. This is particularly important 
in mini~nizing yawing and balloting jn the larger bore 
sizes, where the inertia of the moving mass is very 
great md the pounding produces deep and often ir- 
regular wear, such as has bcen, described in Section 
10.4.10. 

ANGLE OF TWIST 

A high angle oof twist is desirable lor exterior bdlis- 
tics but introduces higher side forces on the rifling, 
particularly a t  high gas pressures. For this reason, 
some guns have been designed with an increasing 
angle of twist toward the muxde. This arrangement 

The use of a large number of lands and grooves for tends to relieve bearing stresses at the brcech end but 
high-velocity guns has bcen known to be undesirable increases them a t  the muzzle. Decrease in length of 
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bearing, as the projectilc goes through an increasing 
angle of t\\ist, further increases bearing stresses. 

If exterior hallistics 11-ill pcrmit, it is desirable, as 
far as lj-ear is concerned, to reduce t,he angle of twist. 
h high ~eloc~i ty  of rotation nlay also adversely 

affect launching co~~ditions. If the projectile is unbal- 
snced ora if there is apprecjablc clearance between the 
projectile and the bore, centrifugd forces introduce 
an initial y a \ ~ ~  in the projectile. Since these centrilu- 
gal forces are prop~rt~iond to the square of the angu- 
lar velocity, the value of a lo~v angle of twist is 
nppnrent . 

26.6.3 R.D. System of Rifling and 
B ancling 

A special design d rifling and n projectilc to match 
i t  \\-as proposed by Colonel G.O.C. Probert and his 
colleagues at  the Researdi Department of Wool\\vich 
Arsenal.l"his 1s:as been called the Probert system, 
or preferably the R.D. [Rese:~rch Depart;ment] sys- 
tem. Thc purpose of this design n-as to simulate the 
bore profile of a some\\.hat eroded barrel and thus to  
minimize t8he eflfects of erosion and increase the barrel 

life. The design of projectile and barrel mas such that, 
the initid resistance of the for~ner to nlovenient \\-as 
as small its possible in a. new gun and that, the pro- 
portional decrease of resistance with increasing, wear 
\\-as also as small as possible. The use of this system 
in scveral British 3.7-in. guns proved successful. A 
tri:1l1" \\-as made in the caliber .50 erosion-tcsting 
gun (Section 1 1..2.1). The projectile was made with 
t ~ v o  copper bands, thc rear one of which had a larger 
diameter than the forward one. The rear baaltl sealed 
the bore whilc the forit-ard one \\-as beingengrtlved. The 
forcing cone was estendecl and its slope made as 
small as possible. After an erosion test of 150 rounds 
at  an initial muzzle velocity of 3,650 fps using double- 
base pov-der, the increase in land dillmeter rras not 
much less than that \\it;h ball M2, or artillery-t8ypc: 
bullets, but thc velocity drop was much less (170 fps, 
as compared with 320 fps). With pre-engraved bul- 
lets, however, the corresponding velocity drop was 
only 1.25 fps ; conseqnently, no further work mas done 
by Division 1 on the developme~st of this system for 
usc 111 hypervelocity gums. This system, however, has 
bcen used by the Bureau of Ordnance of tthe Navy 
Departraent in its nen- 3-in./70-cal. gun. 
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DESIGN FEA.TURES OF PROJECTILES 
By F. .K. Simpson;& and H. .L. Black" 

H YPERV~LOCITY GUNS require projectiles suitable 
for withstanding higher stresses during their 

passage down the gun bore and durjig flight. This is 
particularly true in thc case of hollow-, high-explosive 
shells. The second section of the present chapter 
summarizes what has been done in dcterrnining the 
st,resses in ~hclls and analyzing their effects on the 
design of the projectile. The most important stresses 
in the mantle of u shell are those due to band pres- 
sures caused by engraving during the rifling process 
(see Chapter 7), and those due to gas pressure around 
th,e shell body behind the band. The former, which 
usually are of greatest intensity over a short section, 
give higher local stress beneath t,he band a t  the inner 
radius of the shell than the latter. 

Two methods for reducing the radial stresses re- 
sulting from the band pressure on the shell beneat,b. 
i t  have been investigated. The first method, described 
in Section 27.3, eliminates virtually all the radial 
compressive load by using a pre-engraved rotat,ing 
band on the body of the shell ol such design that i t  
fits the gun bore i n d  rifling snugly. This band gives 
the projectile suitable spin and satisfactory obtura 
t,ion, and leaves only- the stress resulting from gas 
pressure to be resisted by the shell wall. The second 
method, d(-:scrjbed in Section 27.4, is the use of a low- 
stress rotating band ol high torsional sllear strengtli, 
with low radial compressive resistance and reduced 
surface friction in the gun bore. 

The use of either method of reducing the radial 
load due to engraving allows either the use of higher 
gas'pressure, with s corresponding increase in muzzle 
velacity, or a reduction ih gun weight by decreasing 
the wall thickness and retaining the same gas pressure 
and velocity. In  addition, the contribution of fric- 
tional wear to erosion is reduced, especially by the 
use of pre-engraved projectiles. The consequent large 
increase in barrel life resulting from the ~ombina~tion 

." Ordnance Research Engineer, Tlie Franklin Institute, 
Philadelphia, Pa. 

Tecl~nical Aide, Division 1, NDRC. (Present add re ti^: De- 
partment of Mathematics, Michigan State College, East 
Lansing, Michigan.) 

of pre-engraved proj~ct~iles and a chromium-plated 
gun bore is described in Chapter 31. 

Special types of projectiles-such as the ssbot- 
projectiles and those for use in tapered-bore guns- 
which attain higher velocities through a reduction in 
mass ol the projectile, have their peculiar problems 
of stress analysis. They are described in Chapters 29 
and 30. 

Although the testing of shell forgings for leakage 
through the base is not the immediate concern of the 
projectile designer, defects in the forging material 
which permit such leakage are serious, since prema- 
ture explosion in the gun may result. Two testing 
methods for revealing certain types of imperfections 
in shell I-~ases are desr:ribed in Section 27.5. 

27.2 STRESSES JN SHELLS 

Introduction 

The Applied Mathematics Panel of NDRC, at  the 
request of Division 1, prepared s review14' in early 
1.944 of the work done in this country and in Eng- 
1andNc'87"on the strength features of the design of 
high-explosive shells.= Much of the gcnersl an.nalysis in. 
that report is still pertinent, and therelore i t  is quotcd 
with a few editorial changes (to adapt i t  to the present 
report) in the remaining paragrapl-1s of this section 
and in Scctions 27.2.2 and 2'7.2.3. In  the 1at)ter section 
a paragraph has been added to bring the subject up 
to date. 

It ~vould seem that very little consideration had 
been given to the design of projectiles for strength 
until a few years ago. Apparen.tly the failure of cer- 
tain shells upon passage through the guns (with con- 
sequent premature bursts) led to some attention, be- 
ing paid to the problem. I t  is not particularly difficult 
to  make the thickness of the shell walls SO great that 
no failure would occur, but it is desirable in most 
cases to make the shells rather thin in order that the 

This review was prepared by Dr. J. J. Stoker, a research 
mathematician of the Applicd Mathematics Panel, following 
visits to the persons in this country working on the problcm 
and a study of t,hcir reports and those from British invcsti- 
gators. 
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csplosivc charge carricd may be as large as possible 
and also in order that proper fragmentation charac- 
teristics are obtsiaed. In ot,hcr morcls, a shell design 
is mantcd which provides just sufficient strength to 
prevent failure of thc shell in the gun and not much 
  no re." 

Tllc proble111 could be treated either espcri~nentdly 
or theot.et,ic:llly or by a, combination of both methods. 
It has been suggested that one might design series 
of shells of decreasing thickness, fire and retricve 
them :~nd then make measurcrnents of permanent 
deformations in order to arrive at  t,hc optirnunl de- 
sign. There is much to be stlid for S U C ~ I  a plan, hut it 
~\-ould be rnthcr costly and would rorp~ire r:tther e l h -  
orate statistical controls, since the numbor of vari- 
ables ~vlvhich enter into thc prol-~lcm is large. The 
pl-oblem has 1,herefore bee11 considered hitherto in the 
main a,s a problem in thc theory of clssticity or 
strength of materials in which the st,resses are to be 
calc~~latcd in tho shell on the assumption of porfcctljr 
elastic behavior of thc material, \\-it11 a vie\\ to  basing 
the design on the stresses thus determined. 

a7.a.a Gelleral Discussio~z of the 
Shell Design Problem. 

dia~neter greater than the bore of the gun-an exccss 
of metal is providccl to ensure rotation of the shell 
and also to provide a seal which prevdts  the prupcl- 
lant gases back of the shell from escaping between the 
shell ~valls and t,he gun. Ap:irt lrom t,he rotating ba11d, 
the outside diameter of thc shell is kept, appreciably 
smaller than t,he borc of the gun except a t  a portion 
toward t,he nose of the shcll (called t,he "bourrelct,") 
~vhich is turlled to fit rather snugly inside t,he gun. 
The shcll is thus centered in the gun at  the bourrelet 
and the rotating bantl. The interior 21ollo~v portion of 
the shell may be filled n-ittl1 various esplosive sub- 
sta~ices, liquid or solid. 

I t  is usc-:ful to consider in a descriptivc way ~vllnt 
happens to the shell \\hen the gun is fircd. At the 
instant of firing the vcry high gas pressure P,  devel- 
oped in thc charnher back of thc shell gives the shell 
n very high sccelerat~ion forward. The rot,nt,ing bnnrl 

ROTATING 
BASE BAND BOURRELET 

POWDER { T T >  SET-BACK FORCE O F  
PRESSURE EXPLOSIVE F ILLER 

4 
BAND PRESSURE 

T Y P ~  OF STRESS ON A TYPICAL SHELL T I  1 Schematic diagram of a typical high-explo- 
sivc shell, shorn-ing l,hc forccs acting on it  in Ihc bore. 

A sl;udy !,I the st,resses developed in a shell dm.ing (Thisfigure is based on Figwe 1 in AhIP Report 
No. 75.1) 

its passage through the gun requires, t,o begin ~vith, 
a knom-lcdge of the extcrnal forces est:rted on it. In 
Figurc 1 we indicntc schem:ltically s fairly typical 
design of a high-esplosive shell. I t  is essentially a hol- 
low cylinder with rather thin \\-:ills I\-hich taper to a 
roughly conical nose :it the for~vard end. The shell is 
closer1 at the rcar b j ~  a base which is generally t.hicker 
and heavier than the side .walls. The base may bc 
rouncled on ihe inside of the shell; in some cases it is 
an integral part of tthe shell, in others it. is scre~ved 
into the shell. 

Sbrunk into a groove cut from the out)er shcll wall 
is a rot,ating band of soft nlctal (copper or gilding 
metal, for es:ample), the main purpose of \\,hich is t,o 
engage t,hc rifling in the gun so that the shell  ill he 
set int,o rr~pid rotation iibout its axis :IS it passes d o ~ m  
t,he glm bsrrcl. The rotating band has an outside 
-- 

"hells for armor-piercing purposes arc an exception to  this 
st,atement, a t  least as far as the forrvard part of t hc  shell i s  
corrccrnecl. 

is "engi~aved" by the rifling of the gun, as described 
in Section 7.3.5, which sets 11p s very high mutual 
pressurc, t,he so-called "band-pressurc," Pa, in thc ra- 
dial direction betmeen the rotating band and the gun 
barrel as well as bet\%-een the rotating band and the 
shell.f As shcll procceds clown the barrel of the 
gun, its angular velocit,y of rotation increases until a 
masimu~n is attained a t  the muzzle of the gun. Thc 
gas pressure decreases during project,ile travel while 
the hand pressure may or may not decrease aftcr en- 
graving has been co~npleted. 

From this description of what occurs during pas- 
sage of t,he shell through the gun, one sees that the 
external forces exerted o ~ i  the shcll might be classified 
into the following three t,ypes : 

1. The gas pressure P, which acts on the base of 
the shcll and also on that port,i,on of the outer shell 
mantle which lies back of the rotaLing band. 

Qurrtccl fro~li p. 4 to 12, inclusive, of AJlP R.eport ?To. 
75.1A7 ISee footnotc (c).] [ 'l'h~: band pressure is co~~sidered irl detail in Chapter 7. 
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2. The band pressure Pb which is exerted over a 
rather narrow ring around the shell mantle. 

3. Inertia forces of various sorts arising from the 
high acce1cr:~tions imparted to various part,x of the 
shell as well as to the liquid or solid filling in the 
hollow portion of the shcl1.g Thesc forces of dynam- 
icnl origin can be f ~ ~ r t h c r  subdivided into those due 
to  forward acceleration under the action of the gas 
pressure Pf and those arising from the angular accel- 
eration and angular velocity imparted to the shell by 
the rifling of the gun. 

axis of the shell. The stresses arising from this source 
are calculated from the Lam6 formulas for stresses 
in thick cylinders of uniform thickness, which are 
given by equations (I), (2), and (3) in Chapter 7. 

Combination oj 8trssse.s. Once the stresses on all the 
faces of a rectangular volume element a t  any point 
have been determined, it is necessary to judge their 
significance in causing a possible plastic deformation 
or even a rupture. The difi'crent criteria of failure are 
discussed in Section 27.2.4. 

I t  might be noted that the stresses arising from the 
various types of load do not have their maxima a t  the 
same times : the gas and band pressures are in general 

ANALYSIS OF SHELL STRESSES 
largest during engraving, while the stresses due to 

Various methods are available for determining the rotation of the shell are largest a t  the muzzle of the 
stresses in shells. It will be helpful for our later dis- gun. 
cussion to indicate in a general way how a few of the 
estimates for the stresses are made. T h i ~  is perhaps LIMITATIONS O F  THE THEORY 
the best wag to become acquainted with the difficul- 
ties and complexities peculiar to the problcm. 

Xtresses in the Base. Let us consider, for example, 
how the stresses in thc base of the shell are analyzed. 
The base is subjected on its rear face to the gas pres- 
sure Po and to a pressure lJf on the interior i'ace which 
arises from the inertia of the filler b i d e  the shell,. 
The litter pressure is readily conlputed once the for- 
ward accelerati.on of the shell is known. This acceler- 
stion is found from the total, mass of the shell and 
filling through the assumption that the unbalanced 
force on the shell is that due to the gas pressure P,, 
retarding forces arising from the driving band being 
ignorcd. The radial stresses in the base :Ire then com- 
puted from the tbeory of bending of thin, circular 
plates, the net pressure causing bending being given 
bjr -Po - Pf.  

Stresses in, the Walls. In the more or less cylindrical 
side walls of the shell the stresses are calculated as 
follows. First of all there is a compressive stress on 
any plane sectlion perpendicular to the axis of the 
shell which is found at any section by dividing the 
inertia force arising from the mass of that part of the 
shell (as well as the fuze, adapter, etc.), which lies in 
front of thc section by the area of the cross section. 
Jn addition there are radial and circumferential stresses 
in the shell walls due to inertia forces arising from the 
rotation of the shell and from a liquid filling (if 
present). These forces act radially outward from the 

g The forces arising from thcse sources are referred to  by 
ordnance engineers as forces due to "setback," in graphic 
analogy with what happens to a passenger seated in a streetcar 
when thc car starts up quickly. 

Thc theory of bending of thin plates and thc Lam6 
theory of thick-walled cylinders are based on assump- 
tions which are not fulfilled in the problems consid- 
ered here. The base of the shell is generally so thick 
in comparison with its diameter that the theory of 
bending of thin plates is not strictly applj.cabl9. In 
addition, the boundary condition to be imposed a t  
the edge of the base is rather uncertain. The Lam6 
formulas are also not strictly applicable to the prot,- 
lcm of determining the stresses in the walls of the 
shell, since these formulas are derived under the as- 
sumptions that the cylinder is uniform in thickness, 
infinitely long, and subjected to loads which are thc 
same over the entire length of the cylin.der. 

In  view of thc complexity of the problem when 
treated as one in the exact theory of elasticity, ap- 
proximation formulas Ltre the only practical ones to 
be used in c,arrying out stress analyses for shells, as 
discussed in Section 27.2.3. Investigators both in 
Britain34%."Gl.a5%~~7,~59 and in this country" have car- 
ried out a few analyses according to the exact theory, 
and compared the results with those obtained by 
using approximate methods. A fairly good agreement 
was obtained. The approximate methods tend to give 
lower values of the stresses. 

At t,he Catholic University a method was devel- 
oped of determining the stresses in, a thick-walled 
cylindrical shell due to normal pressures on a rotating 
band of normal width.a4 The Ordnance Department 
extended the development by a method of applying 
the numerical rcsults found for a given band width to  
the determination of stresses from another band, of 
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any arbitrary uidth, provided tfhat the wall ratio (the 
r~itio of the outer shell radius t,o the inner) remained 
~lnchtinged."~ 

2'.2.3 Practical Formulas lor Shell Design 

The Army Ordnancc Department has devised 
means of est,imating t,he st,resses in a shell ~vhich, 
roughly speaking, consist in making use of the avail- 
able formulas (from the theory of elasticity or strengt,h 
of materials) for the stresses in the various portions 
of the shell ~ ~ h i c b  tit the circunlst,ances as well as 
possible. 

The principal inlprovement in these  neth hods of 
calculating shell st,resses, made as a result of investi- 
gations a t  Cat,holic 1Tniversity for Division 1, has 
becn to take into account the cffect of the hand seat 
in the hody of the shell, ~~-h ich  acts likc a notch as far 
as the stress distribution is concerned. The stresses in 
this case were calculated by tthe use of new appros- 
imat,ion formulas.1i I t  was assumed that a uniform 
radi:~l pressure due to the band was applied over the 
notch and LL unifornl radi&l pressure due to the pow- 
der gas was upplied to  the mantle of the shell behind 
the notch, :is illustrated by Figure 2. For the bound- 
ary conditions at  t,hc shoulder of t,he notch, radial 
 displacement,^ and their axial derivatives were fittcd 
exactly; but it was not possible to caloulate stress 
concentrations at  the corner. The hoop stress and the 
axial stress 011 the inner and out,er walls \\-ere ex- 
pressed in 'terms ol' the  all ratio of the shell, the 
width of the pressure band,hnd a series of empirical 
coefficients, as shown at  the end of the nest scction. 

The Rritish have devised a set of formulas for the 
appro~imat~e analysis of the stresses in shells, and 
thcy have compared the results obtained by these 
formulas with those obtained by making use of the 
exact theory of elssticiLy. As a consequence the prob- 
lem then becomes a complicated boundary value 
problem associated with a pair of linear partial difYer- 
ential cquations of second ordcr. The fact that the 

The static cxperirnents described in  Section 7.3 showed 
that the \vidt,h of the pressme band is slightly less then the 
\~-i(ith of the rotating bancl. 

i Q ~ ~ o t e d  froin p. 18 and 19 of AMP Report No. 75.1 ."' [See 
footr~ote ( c )  .] 

mathematical problem is of this character and that 
the body to which i t  is to  be applied is so complicated 
in shape explains urhy i t  is impossible to expect to 
obtain a set of forrrlulas for the stresses applicable t,o 
shells of :my dimensions which would be at  once 
simple and exact. 

The phrase relaxation methods uscd so frequently 
in the British rcports refers to an iteration scheme for 
solving the linear equatlions which arise when the 
~olut~ion of the boundary value problem is obtdned 
approxi~nately by means of l;be method of finite dif- 
l'erenccs. These ~omputat~io~ls  are very laborious and 
require a considerable amount of skill and experience 
to carry out. In  addition, the solutions must be car- 
ried t,hrough numerica.lly f'or each different sllell de- 

X (  0 
REGION OF G,AS PRESSURE P Xy! nC"'nY OF NO PRESSURE 

REGION OF BAND PRESSURE 
REGION OF GAS PRESSURE 

REGION OF NO PRESSURE 

FIGURE 2. The band seat in s shcll acts likc a notch, 
and scparates Lhc shell jnh tluee regions of stress. 

sign. The intention was to analyze a sufficient num- 
ber of different shells covering a fairly wide range ol 
designs in order to obtain information which can be 
used in the practical design of shells."3"~8",34"3~4-a47~361 

The relaxation methods make i t  possible to analyze 
t,he effect of the band pressure on the stresses in the 
shell. I n  the cases analyzed it \\-ns found that the 
band pressure has, for example, a quite considerable 
effect on tfhe stresses in the base at  the regions where 
the stresses are The band -pressure tends to 
bend the base in such a w-ay as to relieve stresses 
caused by other loads; the reduction may amount to 
almost. 50 per cent in some cases. This is probably due 
largely to the fact that the cases selected were ones 
in which the rotat,ing band a-as locatfed in part di- 
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rectly above the basc. If the band were located a 
distance of a band tvidt,h or two in front of the base, 
it  is unlikely that such large effects of the band pres- 
sure on the stresses in the base would be found. Again 
it should be notcd that such an analvsis leads only to  
the stress distribut,i.on in a particular design and not 
to formulas for the stresses valid for any design. 

In their desire to design shells with a minimum 
factor of safet,y the British have carried out a few 
actual firing tests with shells designed to have ab- 
normally low factors of safety. The trials (for 
2-pounder shells) indicated that tho factor of safety 
might be reduced quite considerably below the cus- 
tomary value without the risk of causing premature 
bursts.:$63 

27.2*4 Criterion of Failure of n Shell117 

It is recognized that the best criterion of plastic 
flo-I\( is that of Mises and Henclry.f14 This criterion 
has the additional advantage that its application 
does not require a determination of the principal axes 

of stress, but that any direction of axes can be used. 
According to the Mises-I-Iencky theory, plastic flow 

occurs if the equivalent stress, S,, which is given by 
equation (I), is larger than the yield point of thc 
material in the usual tension Lest. 

In this equation 2 reprcsents circumferential or 
'(hoopJ' stress, radial strcss, axid strcss, and & 
shear stress. 

Equation (I) can be simplified for cases where the 
stress is transmitted to the shell by the rotating band. 
From symmetry, the shear stress is zero under the 
middle of the band where AS, is largest,. Except for 
very narrow bands, the largest equivalent stress 
occurs on the inner surface of the shell, where the ra- 
dial and shcar stresses are zcro. Equation (1) is then 
reduced to equation (2). 

FIGURE 3. Empirical function f l  for computirlg thc tangential shress a t  t,hc inner wall of a shell under thc ];itsting hand. 
(This figure has been p~epared from Table I in NDRC Report No. A-281.) 
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SUMMART OF METHOD FOR CALCULATING STRESSES PRE-ENGRAVING OF PROJECTILESEU 
IN A SHELL 21.3.1 Design Features of 

The procedure for calculating the stresses in a shell Pre-Engraved :Projectiles 
can be su~ri~nariacd briefly as fol1ows.j 

1. Calculate thc average band pressure Pb as de- 
scribed in Section 7.3.3 by the use of PIEAI. 

2. Obtain the hoop stresses and 2 at  the inner 
wall, corresponding to  the two c:ases of Figure 2, by 
t,he use of equations (3) and (4). 

I n  these equations p' is the mall ratio (ration of outer 
to inner diametel.) of the shell beyond the band seat, 
P, is the gas pressure, P a  is the band pressure, and 
the values of the empirical coefficients fi and fz are 
given in Figurcs 3 and 4, respectively. The hoop 
stress at the outer wall is given by equation (5 ) ,  

in tvhich Gi, the combined hoop stress a t  the inner 
wall, is given by the sum of equations (3) and (4). 

3. In similar manner obtain the axial stresses at the 
inner and outer malls by means of equations ( G ) ,  

(7), and (8). 

The coefficients f3 andf4 are given in Figures 5 and 6, 
respectively. In equation (8) the value of Poisson's 
ratio p is taken as 0.3 for stcel. 

4. Subst,itut8c these stresses in ccluation (2) to ob- 
tain separate values of the equivalent strcss at  the 
inner and outer n-alls. Compare tthese stresses with 
the actual tensile strength a t  the yield point of the 
material used. If the stresses at the inner and outer 
walls are both belorn the yield point, thcre should be 
no failure of the shell in firing. If the stress a t  the 
inner wad1 is above but th :~ t  at  the outer \\-all below 
the yield point, thc shell should ordinarily still, be 
satisfactory. If both are below the yield point, the 
design should be changed to give addcd strength. 

j The derivation of the equations listed in this scction is 
given in NDRC Report A-281.56 

The most promising method of reducing radial load 
on the shell resulting from band pressure is by remov- 
ing the usual band and replacing it with pre-engraved 
teeth or splines on the outside to fit the rifling. By 
thus eliminating the usual bore friction and the re- 
sulting abrasion of the bore surface, the life of the 
barrel may be increased several-fold, cspecis,lly in the 
case of a choornium-plated bore surface, as is described 
in Chapter 31. The many advantages of this type of 
projectile outnxigh the fc~v dis:idvantages, such as 
slignmcnt in the gun for automatic firc and, the preci- 
sion required for engraving thc teeth, both of which 
problems have been ovcrcome in actual tests. 

Many design festnrcs of prc-engravcd projectiles 
mere investig~tted in a conlprehensive ballistic re- 
search program ~ndert~aken by The Franklin Institute 
in cooperation v-ith the Ballistic Research Labora- 
tory, Abcrdecn Proving Ground, where the firings 
\\(ere nzarle. 

FIGI~E 4. Empirical function fi for computing the 
tangcnt,iJ stress a t  the irrrre~ wall of a shell due to pol$-- 
der pressure slonc. (This figure has bccn prepared frorxl 
Table :I1 in NDRC Reporl: No. A-281.) 
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FUNCTION f3 

FIGITRW 5.  Empirical f u ~ ~ c t i o n j ~  lor computing the longitudinal stress a l  Ihe jnncr a7nll of a shell under the rotating band. 
(This figure has been prepared from Tabb  I11 irr NDR.C Report No. A-281.) 

r 7  l h e  program was made extensive enough to in- 
clude a numbcr of controversial points in projectile 
design that had to be settled before the use of pre-en- 
gravcd projectiles could be justified. 

J t  is evident that the flight of any projectile is 
greatly affected by its launching condition as well as 
by its performance in the air. For example, a pro- 
jectilc with excellent cxterior characteristics, such as 
low drag, will show a large dispersion if its launching 
is incorrect, thereby discounting thc advantages ob- 
tained from its design. As indicated by the analyscs 
of the cxperimental results set forth jn Sections 27.3.2 
and 27.3.3, certain dcfinite trends in pcrformance are 
associated with the action of the projectile within the 
gun, and othcr trends are associated with its action in 
free flight. 

27.3.3, led to the follo~ving recommendations con- 
cerning the design of prc-engraved projectiles. 

1. The driving teeth should be reduced to a mini- 
mum niunber and their height increased to 4 or 5 
times thc depth of engraving now used on standard 
bsnded projectiles. It is believed that the number wl: 
teeth on a projectile should not exceed 12 for all pro- 
jectiles above 3 in. in diameter and be not less than 1 
for smaller sizes. (See Section 26.6.2 for the corre- 
sponding recommendation with respect to the num- 
ber and width of thc grooves i n  the gun tube.) 

2. The front end of the driving teethshould be kept 
sharp radially, should be pointed circurnferentialIy a t  
an angle of about 30 degrees to the projectile axis, 
and should be flush with the body and the bottom of 
the groovcs. 

3. A centering cylinder shollld be provided between 
the back of the ogive and the front end of the driving 
teeth for aligning thc projectile axi.ally in the gun. - - - - - 

The analysis of the results of those firing tests, 4. The origin of riffing in the gun should be jilst bc- 
which are discussed briefly in Sections 27.3.2 and yond a short centering cylinder in the bore. The ends 



of the lands should bc normal to the axis r ~ r ~ d  pointed 
circrlrnferentially a t  the same angle as the points on 
the projectile, in order to f:ic,ilitate engagement of the 
projectile with the rifling during chambering. 

5 .  Thc front cnd of the driving teeth should be 
plat:ed as far for\\,ard as possible to give engagement 
in thc rifling for as long as possible, as the origin of 
rifling adva~lces 1\-it,h erosion. 

6. The length of the driving teeth should bc made 
suffick:nt to 11-ithstand the driving torque a t  the higlr- 
est muzzle velocity required with the minimum en- 
gagement cxpected in a worn barrel. 

7. A smooth, narrolV rear hourrelet should be pro- 
vided just forward of the boat-tail to give a close fit in 
the gun bore and thus insure accurate guiding. 

8. A good nlcthod of obttlrating should be provided, 
such LLS a base cup of rubber, Lucite, or other material, 
or a, narrow sealing ring of some soft material, such as 
copper, t,hr~t offers very little resistance to engraving 
and corlscque~it borc friction. 

9. For greatest accuracy and consistent perfor~~r- 
ance, an ogive of not less than 8 nor lnorc than 3.0 cal- 
ibers should be used to give a milrimurn drag coeffi- 
cient with good stability. 

10. The center of gravity of the projectile should bc 
kept well forward t,o give greatest stability. This ar- 
rangement, ~ ~ i t l r  the band placed well forward, brings 
the driving teeth approximately ovcr the center of 
gravity so that the yaving tendency is reduced to a 
minimum in the gun and in flight. 

a1.3.2 Interior Ballistics of 
Pre-Engraved Projectiles 

Among the factors affecting the motion of il pro- 
jectile within a glm, the following seem to have the 
greatcst effect. (Compare Figure 14 in Chapter 10.) 

1. Yawing and balloting of the projectile within the 
bore. 

2. Radid gas thrust against the projectmile. 

.- -. 
FUNCTION f4 

'IGCRE 6. Empirical hmction j4 for computing the longitudinal stress at, the inner \I-dl of a shell duc to powder pressure 
done. (Thi.s figure has been prepared from Tablo IV in NDRC Repurl; Xo. A-281.) 
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3. Launching conditions. 
Yawzr1,g a,nd Balloting. Excessive angular motion of 

the projectile wi.thin the gun bore is detrimental to 
its accuracy, as evidenced by the results obtained 
when firing an eroded gun with its large bore clear- 
ance and consequently greater freedom of radial 
movement. 1,n tests with an accurate gun, for which 
bore and-projectile dimensions were closely controlled, 
measure1ncn.t~ were made by spark photographs of 
the actual avcrage external yaw angle for various de- 
signs of projectiles. The effect of different lengths of 
bearing bctween projectile and gun and of diflerent 
bore clearances-which are thc most i~nportant fac- 
tors affecting thc internal yaw angle and resulting 
flight performance of a projectile-have been deter- 
mined from results of these tests. 

Figme 7 sh.ows the type of action that may take 
place mar  the ~nuszle of a gunat  the time of launch- 
ing. As the projectile emerges from the bore, it may 
quickly dcvelop yaw, resulting from a combination of 

unbalanced gas pressure around the projectile, un- 
bdanced masses under the action of the centrifugal 
force causcd by the spin, and friction forces. 

Examination of the recovered projectiles confirmed 
this action. There were rilling marks on the bourrelet 
on one side and on the rcsr guide on the other side. 
This indicatcs that the project,ile followed a ccrtdn 
set of lands spirally down the bore in a yawing posi- 
tion. As shown in :lTigure 8, there is good agreement 
among the "jump ratios" (the r ~ t j o  between the 
average external yaw angle and the calculated in- 
ternal yaw angle) for the different designs. 

Alow inherent drag coefficient, RDo reduced to zero 
yaw, does not seem to kecp a projectile from yawing. 
Conditions of launching must, therefore, be th.e prin- 
cipal factor' influencing muzzle jump and Right yaw- 
ing. Since with the equipment available for these 
tests, the muzzle jump could be compared only qual- 
itatively, on1.y the average yaw angles of the various 
projectiles observed can be compsred. At time of 

- .. . 
,- . GUN MUZZLE 

INTERNAL YAWING 

BUN MUZZLE 

EXTERNAL YAWINQ 

UWEOUAL MASSES WITH RELATION 
TO GENTLR OF ROTATION 

d,  

EXTERNAL YLWING 

INTERNAL BALLOTIN6 

FIGURE 7. Relation of internal action l;o yawing of projectile in flight. 
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Fisunn 8. R.clt~l,ion crf inlerior lo extc~ior yaw. 

launching, there is about a thirteen-fold increase in 
yaw angle for most, pre-engravcd projectiles, as corn- 
pared with a t\\renty-fold increase for artillery type, 
and n thirty-fold increase for one nith a narroll- for- 
ward band. 

Gas T h r z ~ t .  The behavior of the f~r\\~ard-barldcd 
type of projectiles rcprescntcd by design No. 8, Fig- 
urr: 8, indicated that an unbalanced radial thrust 
from the presslire of the powder gas takes place in the 
gun bore, pushing the base or even the whole projec- 
tile against the rifling on one side. Because of the 
large prcssure area on the base of this type projectile, 
thcre must be an excessive gas kick at, the inst,ant tmhe 
bullet leaves t,he muzzlc. il certain amount of rear 
guiding and obturation probably mould recluce the 
muzzle jump and exterior yaw, ~ ~ n d  at thc same time 
give escellent flight characteristics to the bullet, sim- 
ilar to thosc exhibited by design No. 1. 

Lu~cnch,iny Cwnditions. Results of firing the artil- 
lery-type projectile (design No. 7, Figure 8) indicate 

that this type has a greater nrreragc exterior ya\v than 
the pre-engmved t,ype. An explanatlion of this is hard 
to make. While the form factors and drag are similar, 
the conditions a t  time of launching may be such that 
there is rscessivc disturbance a t  the ~nuxzle due to thc 
large gas pressure drop sround the projectile causing 
high velocity g:ts jets t,hat develop unbalanced forces 
when t,l~ey hit any bullet irregularity. Design 5 0 .  7 
has a cannelurc in t,he band and a slight change in 
contour near thc bourrclct, both of which :ire not 
present in design Xo. 3. In  design No. 1 with the t~3-o 
bands there is a sealing effect around the body of i;hc 
projectile caused by the presence of an expansion 
chamber, as i t  were, between the front and rear bands. 
This cuts .down the jet cffect becuuse of the lo\\'er 
pressure-drop and reduccs the muzzle disturbance, 
sincc there are no irregularitlies forward of the gas 
jets. Irregular friction forces a t  launching of design 
No. 7 may also account for some of the additional 
yaw. 



27.3.3 Exterior Ballistics of 
Yre-Engraved Projectiles 

The exterior ballistics of pre-engraved projectiles 
were carefully investigated to make certain that no 
feature of their design would be detrimental to their 
flight. Careful checks were made of each dcsign vari- 
able by changing only one feature at  a time. Extremc 
care was used during the firing tests to duplicate fir- 
ing conditions, spark photographs, snd analysis of 
performance. The consistcncy of the results shows 
that they are dependable to within about 1 per cent. 

The follo\ving design variables werc checked with 
groups of similar projectiles and the observed data 
were evaluated. 

Number o$ Rotating Bands. (Group 1, ~ i i u r e  9.) 
From a comparison of the three projectilc types in 
this group it has been possible to evaluate the effect 
of adding each band or circular obstruction to a high- 
velocity projectile. Comparison of the drag of the 
single-banded projectile with the smooth one shows 
an increase of 4 per cent, while the addition of another 
band, even though its sharp, front cdge is a t  the point, 
of tangency of t,he ogive, adds only 1.7 per cent ad.di- 
tional drag. Spark photographs of this projectile 
(L1-107) in flight confirmed this result. The exten.t to  
which the drag of the rmr band is grcater than that 
of the front band indicatcs that the rcgion between 
the base of thc ogive and a point back of the center of 
gravity is not so sensitive to drag as is the base or 
boat-tail region, particularly on a projectile of this 
type with a short ogive radius. 

Position oj' Bands. (Group 2, Figure 9.) The con- 
clusions reached from a study of group 1, with regard 
to the relative effect of changes made on t,he base por- 
tion of the projectile and on t,he portion just back of 
the ogive, werc confirmed by results from group 2 al- 
thongh they were not so pronounced. This probably 
can be accounted for by t,he absence of the low-pres- 
sure region in either type, with a generad lessening of 
disturbances to the boundary layer. In this conn.ec- 
tion, group 7 of Figure 9 should be noted because of 
its comparison of a boat-tailed and a flat-base pro- 
jectile. There the effect of changes is more pronounced, 
both tjecause of the increased moment of the disturb- 
ance and because of the re-entrant stream lines being 
more effective in producing disturbances. 

Wid th  of Bands. (Group 3, Figure 9.) In this series, 
the rear edge of a11 the driving bands was kept in the 
same position with reference t,o the boat-tail and the 
band was widened by adding to the front portion. 

Again there is indicated a tendcncy for the front edge 
of the driving band to have less effect on the drag as 
it is placed closer to the ogive. But what is perhaps 
more important with. reference to pre-engraved pro- 
jectiles is a complete absence of any indication that 
the deep engraving (0.010 in. is twice the standard 
depth of 0.005 in.) on a wide band has any noticeable 
effect on the drag. It indicates that there is plenty of 
opportunity to increase th.e depth of the engraving to 
givc vcry low unit pressure on the sides of the rifling 
in a gun without appreciably a,ffecting the drag, as 
advocatcd in Section 26.6.2. This will allow greatly 
increased muzzlc velocities with increased accuracy- 
life of the gun. 

Leading Edge oj'Bwnds. (Group 4, Figure 9.) In or- 
der to find the effect of pointing the leading edge of 
the splines on pre-engraved projectiles, which is one 
way of indexing them for automatic firing (Section 
28.1,), a comparjson test was made of the drag with 
the front edges of the bands sqyare, conical, and 
pointed circumfercntially. Aswascspectcd, the square 
edge a t  the ogive uscd on the Ll-107 type gave the 
highest resistance, but when the splines were pointed 
and the front cdge set slightly back of thc ogive, thc 
drag becamc exactly the same as that of a narrow 
band whose front edge was even further back and cut 
conical. I t  is desirable to have the front edge of the 
driving bands on pre-engraved projectiles square in 
order to center them when entering th.e bore. The 
fact that pointing of the 1.ands cuts down the drag as 
much as 3 pcr vent indicates that the proposed design 
of pre-engraved projectiles sllould have excellent 
flight characteristics. 

Radln,s qf Oqiue. (Group 5, Figure 9.) The cffect of 
lengthening the radius of ogive is clearly demonstrated 
in group 5. The projet:t,ile with a 19-caliber. radius of 
ogive shows a drag coefficient less than half that for 
the one with a 5-caliber radius. However, both theee 
designs show a dungcrously low stability factor, while 
the bullet with an intcrmctliatc radius shows good 
stability althougli a higher drag than the one with the 
long radius of ogive. This indicates th.e importance of 
baluncing all the factors so that a high-vclocity pro- 
jectile will give low drag but, a t  the same time, be de- 
pendable in flight. This bullet had a low yaw angle 
and was otherwise quite dependable, even with a flat 
base which might have been boat-tailed to reduce 
further the drag. 

While i t  is desirable to have a long nose radius, i t  is 
important that the length of guide of t,he body of the 
projectile shall not be shortened so much as to handi- 
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cap the launching. This might also throw the centcr 
of gravity too far back from t,he nose of the projec,tilc, 
resulting in poor stability. 

LocaEion, of Center oj Gratitv. (Group 6, Figure 9.) 
The effvct of changing the location of the center of 
gravity of a, projectile is shon-n by the three examples 
in group 6. In one the a:nter of gravity is located well 
for\vard in the smooth projectile, C-43; at  an inter- 
mediate point in a 11-ide-banded projectile, C-30; and 
\v-ell back in the third one, C-34. The stability fact,or 
is high \I-ith the first t,ype and very low for the last, 
but the form factors are reversed accordingly. 

Types C-30 and (3-34, with the same drag factor 
0.132 and same cont,our, s1101v the effect on the form 
factor of moving t,he ce~lter of gravit,y tto\v3rd tllc rear 
a distance of 0.212 in. This was accomplished by 
making t,he nose of thc C-33: projectile of aluminum. 
Their general performance was much the same but 
the second \\"as less reliable in flight. 

Boal-Y'uiling. (C;rc:~up 7, Figure 9.) A good indica- 
tion of the effect of boat-t,ailing a flat-based bullet is 
shown in group 7 by comparison of two otherwise 
identical projectiles: C-33 (boat-tailed) and C-31 
(flat-based). Here thc c,littnge from a flat basc to a 
boat-tail reduced t8he drag by more than 2 per c,ent. 
At  the ssrne time thc yaw in flight \\-as also redncetl 
by this streamlining, indicating a tendency of the 
boat-tail to stabilize the flight. 

Figure 10, \\-hidl illustrates the effect of various de- 
sign factors on t8he reduction of drsg, rclates t,his 
tendcncy to thc thickness of the boundary 1:tyer with- 
in the streamlines surrounding the projectile and 
leading to vortices set up a t  the corner of tlic flat 
base. I t  indicates that, for high velocities and long 
radii of ogive, a boat-tailed base is very impo.rtant as 
is any changc that \\-ill make the rear portion as 
smoot,h as possible. Here, as in air-foil design, any 
tear-drop section such as the Jouko~~sky  profile is an 
esccllent one for obtaining low drag. 

Duyrec oj' Xnloothness ol- Meynold's lVzan,Der. (Group 
8: Figure 9.) The three prujectiles in this group, all 
having nearly the same form factor and physical di- 
mensions, demonstrate the reduction in drag that can 
be obtained by removing roughness of any kind that 
tcnds to interfere n-ith the laminar flow of the stream- 
lines around the projectile, as visualized i11 Figure 10. 
The rcmoval of one of the two bands from projectile 

The photographs of these three projectiles in flight 
shun-eil, that the one with two bands, LI-1.07, had a 
heavy shock wave coming from the front and real: 
edges of cacb band, in addition to the head wave. Th.e 
second, (2-39, had the front band removed; the heavy 
ne:tve from the front edge of the first band disappeared 
but a light wave still persisted from a shoulder 0.002 
in, high radially near a point at  ~~-h ich  the rear of the 
front band mas located in L1-107. The waves a t  the 
rear band were &bout the same as before but, due to a 
chamfer on the front edge, the shock mave was flat- 
tened out smoothly. 

Lastly, the smooth projectile C-43 showed no heavy 
shock mave except; that a t  the head. This should, 
tl~ereforc, be the source of lrlost of the drag. 

,Is far as an actual changc in tthe surface smooth- 
ness or Ilcynold's nrunber is concenled, i t  is difficult 
to obtain n~uch ol nn improvt:ment in dra,g simply by 
polishing a bullet, although tool marks end surface 
irregulurities must be avoided :is murh as possi.ble. 

Thc "paddle-\\heelu action of the decper driving 
splines used on pre-engraved projeotilcs gives no in- 
dication, in the spark photographs, of causing any- 
appreciable drag, because their action probably talres 
glace i11 a region of turbulence and recirculation 
creat,ctl by the front edge of the band. Consec~uently, 
the effects of fringing at  thc rear edge of a self-en- 
graving band should not, increase the drag greatly 
unless it is near t,he boat-t/ail. Irregular fringing, how- 
ever, will tend t80 cause rotary ilnbalance of the bullet 
in flight, uitl-1 resulting large dispersion. 

Conc11~sio.n. The splincs on pre-engraved, high-vc- 
locity pro.iectiles are no more detrin~ental to the 
flight of a projectile khan on any standard banded 
type. Fur.thern~ore, their locatiox~ can be placed well 
forward of thc base of the project,ile to give a decided 
ballistic advantage and prolong the engagenlent life 
of a gun. 

I t  is interesting tc~ note that reducing all the rough- 
nesses and obstructions on L1-107 (group No. 8) re- 
duced the drag filctor frmn O.13R to 0.1.29, whcrcas 
changing tlie radius of ogivc l r o ~ n  5 ca1i)icrs to 1.9 
calibers (group No. 5) reduced the dr:ig coefficient 
from 0.132 to 0.065. Tliis fact indicahcs that rotating 
bands :LIIC~ pre-eng.ra'~rillg. of affect the drag 
very litfttle in comparison with the shape of the ogive. . 

Ll-107 gives the single-banded type C-3'3, \\-ith a 3 27.s.r Manufacturhg Techniques 
per cent Ion-el* drsg. Removal of the single band to 
give perfectly smooth projectile, C-13, reduces the Thc pre-engraved caliber .50 ~rojectiles used by 
dmg 2?4 per cent more. Division 1 have been made by forcing soft steel 
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EFFECT OF PE BULLET DESIGN ON I T S  EXTERIOR B A L L I S T I C S  
GROUPED ACCORDING T O  D E S I G N  PARAMETERS 

(ALL F I R I N G S  RESOLVED T O  3.2 MACH NO.1.50 GAL T E S T S  

FIGURE 9. Effects of design on cxterior ballistics 
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7 E S 7  PURPOSE 
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0 ;  THICKNESS OF BOUNDARY LAYER. TEST SHOWS 
.250" AT M =  3.2 FOR 5 GAL OGlVE 

TREAMLINES 

VORTICES OR EDDYS DEVELOP AT 
FRONT EDGE OF BAND AND AT  

SHOCK WAVES OR STREAK L I N E S  

CORNER OF SQUARE BASE 

ESSENTIALLY  A STABLE DESIGN 

SHORT RADIUS GIVES MORE DRAG 

PADDLE-WHEEL. ACTION OF ENGRAV 
BECAUSE Ds OF STREAMLINE  ENVELOPE 

SHOWS NO INDICATION OF AFFECT1 
OR BOUNDARY LAYER I S  LARGE 

BOUNDARY LAYER 

FLAT-BASED TWO-BANDED SHORT R A D I U S  OF OGlVE 

B =  TEST SHOWS ABOUT .OBO" \ \ 
FOR 19GAL OGlVE  

VORTICES ARE I 
THIN BOUNDARY 

INCL INED TO B E  UNSTABLE I F  
RADIUS OF OGlVE I S  TOO LONG 

LONG RADIUS GIVES SMALLER Ds 
BUT REAR BAND AND F L A T  BASE 

*G IVE  ADDED RESISTANCE TO 
COUNTERACT ADVANTAGE OF LONG 
OGlVE 

VORTICES AT FRONT EDGE OF B 
REAR BAND CAUSE RESISTANCE\ 1 

BOAT-TA IL  REDUCES 
OF B U L L E T  TO REENTRANT STREAMLINES 

\ I t=l w =  
BOAT-TAIL  REDUCES RESISTANCE 

/ 

OF B U L L E T  TO REENTRANT STREAL.ILII.C~~ 

B O A T - T A I L E D  TWO-BANDED LONG R A D I U S  OF O G l v E  

SMOOTH OUTLINE AT REAR ELIMINATES 
VORTICES REDUCING REYNOLD'S NUMBER 
AND GIVING STREAMLINE FLOW 

MUST BE MADL A M A X I M U M  WITHOUT 
C SACRIF IC ING S T A B I L I T Y  

B O A T - T A I L E D  AND WITHOUT REAR BAND 

FIGURE 10. Design factors in the redut:tion o f  drag for pre-engraved bullcts at hyper-velocity. 
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blanks through a stepped series of dies, used either 
individually in a punch press or in series in a special, 
long-stroke broaching machine. These dies make a 
series of grooves in the band which are accurately 
concentric with the bourrclet and rear guide, have the 
same twist as the rifling, and are of the correct size to 
fill all t,hc grooves completely. To obtain this ttccu- 
racy, i t  is necessary to use guides that center theband 
on theprojectile blank when it enters each cutting die. 

After engr:tving, all the teeth tlre pointed simul- 
taneously on the front cnd in one operation using a 
spccial nuchine that has been developed for generat- 
ing by a helix t,he proper cylindrical surface, accur- 
ntely centered and matched to the engraving within 
0.001 in. There is no doubt that this can be done oom- 
mercially on a large scale. By Parco-Lubrixingk these 
&eel projectiles, rustling is avoided and a lo117 friction 
means is provided for sliding through the gun. 

By using n special adapter, a portion of the poiat- 
ing mac:hine is also used in pointing the rifling in the 
gun. This requires changing to another type of cutter 
and, by using the same machine, the same angle of 
pointing is generated so that there is plane contact 
with the points on the projectile. The ratchet grooves 
in the breech of the barrel are cut in a jig to position 
the rifling accurately in relation to the firing mechan- 
ism. The rclative cost of these changes on the gun 
barrel arc slight, hut are proportionately greater on 
the projectiles. 

The manufacturing techniques for the 37-mm gun, 
Ti7 and projectiles (sec Section 31.7) mere essentially 
the same as those for the caliber .50, except that 
everything mas done on a larger scale. Larger dies 
mere required and coilscquently a heavier press hud 
to be used. A bigger machine was necessary for the 
greater amount of met,al re~noved from the teeth in 
the pointing operatlion, although - thc amount of cut 
could be adjusted. The essenttial differences consisteil. 
in Inore machining being required 011 the base of the 
cases and in necessary alterations to the firing mech- 
anism. The latter changes are dr:scribed in Section 
28.4.4. 

27.4 LOW-STRESS ROTATING BANDS 

stresses. Accordingly, studies for this purpose w r e  
made at  The Franklin Institute, the Lccds and North- 
rup Company, and the Catholic University of hmer- 
ica. 

27.4.1 Caliber .50 Projectiles 

Banded cftliber .50 bullcts of the seven classes listed 
below were tested to determine the effect of rotating- 
band design on the force required for engraving. 

1. Regular artillery-t,ype (see Figure 3 of Chapter 
11). 

2. Artillery-type with obtllrating ring of 0.530 in. 
diameter, and nit,h band diamet,ers varying from 
0.493 t,o 0.510 in. 

3. Artillery-type with radial holcs, 0.055 in. in dia- 
meter drilled in rotating band. 

4. Artillcry-typc having dl-steel rotating band 
with six circu~nferential grooves 0.0155 in. in depth.. 
(Figure 11). 

5. Types 3 and 4 with holcs or grooves filled with 
solder. 

6. Several of foregoing typcs with c,admiunl plate 
0.003 in. thick on the band. 

7. lare-engraved, double-banded steel (see Figure 
3 of Chapter II..) 

Thc erosion-testing gun, described in Section 11.2. I., 
was used in these tests.12 The barrel mas of mono- 
hloc gun steel construction with grooves 0.010 in. in 
depth. Precalltions were taken to elirninat,e as far as 
possible all variables that would affect the rnaxi~num 
powder pressure, except, the band design itscll'; the 
average maximum pressure attained on firing 6 rounds 
was then taken as a measure of the engraving force. 

Reduction of the band diameter (class 2) gave a 
consist,ent decrease in pol\-dcr pressure; the smallest 
band noted, of diameter 0.493 in., gave :z. pressmc of 
41,590 psi as compared with 53,950 psi given by a 
0.510-in. I-)and ; this represents a pressure decrease of 
23 per cent. 

Little inlprovenlent, only about 5 per cent in the 
case of 81 holes, resulted from drilling holes in the 
band (class 3). Hen-ever, when these \!-ere filled \\:it,h 

If pre-erigraved projectiles are not to be used, it is solder (class 5 ) ,  the reduction in pressurc was of the 
very desirable to design rotating bands giving low- order of 9 per cent for bands with either 54 or 81 holes. 

The grooved steel projectile, either plain (class 4), -, - . . 

Parco-Lubrizing is a trade-rnsrked proccss (Parker Rust or \\-itll plating (class'6j, or Tljth solder 
Proof Conlpany, nctroit, hlichignn) for applying to steel a 
\\,etlTAresistant coatinrr thtlt consists of admixture of and cadnlium-plat,cd (class 6), diminished the polder 
iron and manganese phosphtltes. pressure by approximately 7 per cent. 
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FINISH ALL OVER CONCENTRIC 
AND TO WEIGHT LIMITS 

+i 
B 
e ALL GROOVES 

LUSH WITH LEAD 
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2 . 3 1 2 " A P ~ R o X  (NOSE TO WT] 

FIGURE 11. Drawing of arlillery-typc, caliber .50 bullet havlng sn all-stccl rotating band wj th six circumferential grooves. 

The compleiely pre-cngraved bullet (class 7) gave 
by far the best results, with pressures reduced by a 
t,hird (see section 27.3). 

STAY~C TESTS 

In addition to the firing tests, static tests were con- 
ducted to determine the force requircd to engrave 
several of the projectiles listcd above. It was found 
thst littlc reduction was brought about by the usc of 
plain bands with drillcd holes, but when the holcs 
were solder-fillcd the forcc required was diminished 
by 70 per cent. Cadmium plating diminished the 
static load by 25 per ccnt. 

This dcsign, shown in Figure 11, seemed very 
promising, and u number of these projectiles were 
fired in an erosion test. It was found that land and 
groove erosion a t  the origin of rifling, and also muz- 
zlc-velocity drop, werc no greatcr than those oh- 
served with a copper-banded bullct. Idand erosion 
from 10 in. beyond the origin of rifling was, howcver, 
greater. Recovered bullets, shown in Figure 12, illus- 
trate normal engraving and failure to engrave caused 
by wear in the gun. 

21.4.2 Larger Projectiles'" 

While the stresses can be lowered by making either 
the width or the diameter of the band smaller, the 
functions of the band set lower limits on these quanti- 

EROSION TEST OF PROJECTILES WITH GROOVED ties, particularly in the case of a worn gun. In order 
S T ~ K L  BANDS t o  impart spin to the projectile, a minimum area of 

Particular interest was attached to the grooved 
steel-banded projectile (class 4) hecause i t  could be 
converted readily from standard-type bullets already 
in production. From the point of view of lowered 
radial stresses only, these projectiles should have heen 
better without the solder filling. However the rathcr 
narrow circumferential fins ~vould have been sub- 
jected to largc fle~lding moments. Thc lead-tin alloy 
which filled the grooves served to reinforce the fins 
and also to form a lubricant "in situ." The entire 
bullet was then cadmium-plated to reduce friction. 
Static tests had indicated a 50 pcr cent reduction of 
engraving force from that required for the standard 
artillery type. 

band mctal must bc in contact with the driving face 
of the lands; and similarly, sati~fact~ory obturation 
demands sufficient mctal to fill the groovcs. 

E f ~ c t  of Connelures. A natural approach l;o the 
problem of redacing stresscs is to consider thc effects 
of grooves, or cannelures, in the band. The Service 
design for the 37-mm shot, M.51, has a cannelure szp- 
proximately 0.1 in. wide and 0.022 in. deep. This 
depth is great enough so that the lands of the gun 
should not touch the bottom of the cannelure. After 
engraving, however, enough metal is found to have 
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0.86 in., the forward 0.14 of which tapers at  8O30'. the shell and igniting the explosive \\<thin. For this 
The modificd band has a cannelure of width 0.1 in. purpose, two methods have been developed for test- 
and depth 0.05 in. near the center of the flat section. ing the finished shells to detect defective openings. 
As determined by a gauge about 25 in. toward the 
muzzle from the origin of rifling, the radial load 27.5,, 

averaged 43,200 lb/in. circumference for the standard 
First Testing Method 

bands, tind 34,700 lb/in. circumference for those with 
a cannelure. The corresponding values of P/EAI are 
40.5 :md 40.4. The agreement is remarkable. 

I t  would appcar desirable to carry out firing tests 
that have bcca suggested1l7 to gain further inform&- 
tion atwut thc cffects of deep cannelures of rcctangu- 
lar crosssection. In  particular, i t  should be detcrrnirlcd 
whcthcr erosion is decreased and whether bands that 
have becn so rnoclified seal satisfactorily in eroded 
tubes. 

The British have carried out experimental and 
theoretical studies on the subject of the proper design 
of the rotating band itself.am~a77~a"X~h"R One of their 
ideas is to separate the two functions of the band, i.e., 
that of causing rotation of the projeotile and that of 
actling as a seal to prevent the escaptpe of the propellant 
gases past the shell. Since thesc arc two very different 
functions, i t  is not at  all urilikely that a design which 
separates the two might lead to a band which would 
cause a much smaller band pressure. One very interest- 
ing experiment was carried out with a double band 
on a 17-pounder shell; the front band was turned 
down so that there was no excess copper and the rear 
band wa,s modified so that a seal would be ensured. 
The strain gauge readings on the gun when the shell 
was fired indicated that thc band pressure was negli- 
gible. In addition, the stresses in an experimental 
band design have been calculated using relaxation 

' n ~ e t , h o d e . ~ ~ ~  

21.5 METHODS FOR DETECTING 

Ammoniated water is used as a testing medium. 
The liquid is forced against the base of n shell forging 
under a pressure s0mewha.t greater than maximum 
gas pressure that will t)e encountered in a gun. An 
indicator, such as moist li t~nus paper, is placed inside 
the shell cavity. Defective openings in the base of the 
shell are revealed by a change in color of the indicator 
caused by fumcs from the ammoniated water. 

The apparatus used in this first method employs a 
special pressure plate for a hydraulic press. In this 
plate the base of the shell fits tightly around the rim, 
sealing a cavity beneath, which connects to a high- 
pressure tank and compressor. Inside t,he shell is a 
steel form against which the ram of this quick-act- 
ing hydraulic press applies the neccssary load for 
sealing the base. The valve from the compression 
chamber is then opened for a brief time, after which 
i t  is closcd and the ram lifted. If there is a defect in 
the shell base that would allow the slightest amount 
of gas to get through, the indicator changes color. 

This method is very fast and suitablc for produc- 
tion line testing. However, there are certain disad- 
vantages, one of which is the presence of ammonia 
fumes in the air surrounding the equipment that may 
affect the operators and the surrounding equipment. 
However, this disadvantage can be oft'set, to  a large 
extent, by the use of a greased-paper seal at  the top of 
the forging, and by the use of ventilating Sans in the 
room. Another objection is the fact t'hat this equip- 
ment is more expensive than the second method de- 
scribed below, although its cost is not high when i t  is 
consideyed that one set of equipment would take czre 
of several product,ion lines that were located in the 
same or nearby b~rildings. 

DEFECTS IN SHELLS 
21.5.2 

Emphasis on accurate determination ol the stresses 
Second Testing Method 

in a shell mantle is important to allow the designer lo Another method is a self-contained apparatus for 
provide sufficient mctal in the walls to prevent yield- use under a hydraulic press. I t  consists of a stationary 
ing. But i t  is also necessary thilt the metal used be piston in a movable cylinder supportecl on springs, 
homogeneous arid free of slag inclusions, pipes, cracks, wlfficicntly povvcrful to hold a scal on thc basc of thc 
or other defccts that mny cause failure in service by shell before compression of the liquid begins. Thc 
the hot gases seeping through the base or the walls of apparatus is contained in a guide cylinder on which 

1 T ~ s  paragraph is from p. 20 of AMP ltcport N ~ .  an indicator is mounted for measuring the relative 
75.1 .147 [Sce footnote (o).] travel of the moving cylinder carrying the shell. The 
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space above the top of the piston and surroundcd by Several scts of tests were conducted on 75-mnl and 
the movable cylinder is completely filled with liquid, 3-in. shells, with Varsol used as the liquid. The rcsults 
such as water or Varsol (a high-grade kerosene). indicated that a shell will be satisfactory and nithout 

This method is slower and less sensitive than the defects through the busc up to about 2.35-mm deflec- 
first method and, therefore, is not capable of such fast tion of the indicator. From 2.35 to 3.00-mm deflection 
production, Jt  is well suited for use in a shop where thc shells are doubtful and above that value they 
chemical fumes are not desirable, must be rcjected. 



Chapter 28 

AUTOMATIC GUN MECHANISM 
By William H .  Shallenbergera 

IN AnDITroN to making hypervelocity guns practical 
by the control of erosion, considerable worlr is re- 

quired to make them practical from a mechanical 
standpoint. Thut is, LL mechanism designed for medi- 
um-velocity weapons may not be entirely suited to 
hypervelocity guns. 

One project undertalren by Division 1, NDRC, was 
the development of a 20-mm automatic aircraft can- 
non. hlthorlgh this gun was designed to use standard 
ammunition rathcr than special hypervelocity ammu- 
nition, it had certain characteristics that made it 
particularly suitcd for. use with pre-engraved projcc- 
tiles (Chapter 31) and hypervelocity ammunition in 
general. Therefore, discussion of that particular gun 
makes up a major portion of this chapter (Section 
28.2). It describes in a gen.era1 w-ay the djfiiculties 
encountered in operation, and me:ms whereby the dif- 
ficulties were overcome, and presents ccrtain conclu- 
sions and recommendations for the use uf future de- 
signers of such wcapons. Section 28.3 treats of some of 
the problems involved in designing an automatic gun 
~nechanism for use with hypervelocity ammunition. 
Lo~ding and indexing rnecha.nisn1s for pre-engraved 
projectiles are discussed in Section 28.4. 

The information for this chaptcr is taken largcly 
from publi.shed NDRC reports, which cover the worlr 
in more detail than can be given here. Some of the 
ideas presented herein, however, have not been pub- 
lished elsewhere, to the author's knowledge. 

In the summcrh of 1942, the Navy desired to in- 
crease the firepower of aircraft by replacing the ca6.- 
her .50 Browning machine gun with the 20-mm AN- 
M2 (Hispano-Suiza) automatic cannon. The Navy 
Department requested Division. 1, NDRC, to develop 

[* Engineer, Engineering and Transition Office, NDRC. 
(Present address: Grnnada Hill, Sa*. Fernsndo, California.) 

rb This section has been condensed from an NJJRC report12" 
by the same author. 

an integral belt-feed for this gun, but a preliminary 
examination of the problem indicated that i t  would 
be preferable to develop an entirely new gun than to  
try to make the necessary modifications in an existing 
gun. To this end, Division 1, NDRC, undertook Pro- 
ject NO-124 to design and build a firing model of a 
20-mm automatic aircraft cannon havin.g an integral 
belt-feed. Under this projectc three models wcre 
designed. 

The first model, lrnocvn as Model I, was designed 
and built to  test the batsic mechanism and did not; 
incorporate all ol thc requirements of the Navy spec- 
ifications (Section 28.2.2). The second model was 
designed to overcome certain structural defects en- 
countered in Modcl 1, bllt, before i t  ~vas  built,, i t  was 
decided to proceed wit11 a design, that worlld satisfy 
the Navy requirements. Therefore Modcl 111 was 
designetl, built, and tested. Basically, both firing 
models were similar in that they were gas-operated, 
with blowback assist, but they diflered considerably 
in the details of operat,ion. Model 111 represented 
considerable improvement in design over Model I, in 
that i t  more nearly satisfied the Navy rcquirernents 
and eliminated certain featurcs of Model 1 that gave 
trouble in operation. These two models fired a total 
ol approximately 6,000 rounds of Oerlikon and His- 
pano-Suiza 20-mm ammunition and also some special 
high-velocity caliber .50 ammunition. 

28.2.2 Navy Specificati.ons for 

20-:m.m A.utomatic Aircraft Guns 

Ccrtain broad and general specifications were sup- 
plied by theSureau of Ordnance, Navy Departmen.t, 
after thc project had been undertaken. These specifi- 
cations were supplemented by more detailed require- 
ments to guide the design of the third The 
most importtant of them are sunlrnarized herewith, 
by c~uotat~ion in part from that specification. 

I .  Materials difficult to obtain or to fabricate should 
not be specified. The gun and all a~ccessories should be 

The work was curried out principally by Johnson Aut,o- 
matics, Inc., mdcr  Contract OEMsr-74D. Thc kinematic 
sn:~lyses described h Section 28.2.5 were performcd by the 
Unive1,sity of California under Contract OEMsr-1375. 
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of a dcsign suitable I'or mass production and inter- 
c,hangeal~ility of parts. 

2. The gun shall be fully automatic in operation, 
no outside power being required except for the firing 
solenoid and charger. 

3. The gun shall be capable of firing standard 20-mm 
ammunition. It shall also he crtpable of satislactory 
operation with ammunition urhosr: overall length 
is as much as in. longer or shorter than sttand- 
ard, and \vit,li anlmunitinn so belted tfhat the posi- 
tion of the bascs of the rounds varies by as much 
i ~ s  in. 

4. With the gun mounted in an :tirplanc I\-ing, the 
barrel or barrel asseml)ly shall be capable of being 
quickly and easily rcplaced ~rithout ren~oving other 
parts of the gun. 

5 .  The feed mer:hanien shall be an integral part of 
t,l-re gun and energy for actuation shall be derived 
from t,h.e gun. The feed shall br: interchangeable from 
right to left hand by merely exchanging components. 
The feed opening or feed tray shall be stationary ]\-it11 
respect to the mounting. 

6. Cases shall be ejected do~~qrllward, :~nd links 
ejected at  any anglebetn-eenhorizontnlandclo\vn\\.ard, 
through openings to which ohutes may be attachcd. 

7. The mi~simum cross section ol the gun with all 
~tccessorics shall not csceed that of a rectangle 8 in. 
high and 10 in. 11-ide. The overall length using the full 
length AN-M2 barrel shall not esceed 85 in. and the 
weight with all accessories shall not esceed 110 lb. 
(In conversation, Navy representatives indicated con.- 
sideratlion woulcl he given to modification of length 
and weight requirements if superior pcrformnnce 
made such changes desir:tble.) 

8.' The gun shall bc capable ol firing at  a rate of at  
least 700 rounds per minute under service conditions. 
It shall operate ~at~isfactorilv under i~ccelerations of 
51/ in any direction or Tg vertically, whichever has 
the greater effect on operation. I t  shall be capable of 
feeding a belt of ammunition equivalent to a t  least 15 
rounds suspended vertically when subjectr:d to ' i g  in 
the vertical direction. 

9. Kxccpt for barrel erosion, parts should be capa- 
ble of withstanding 5,000 firing cycles without requir- 
ing replacement. 

Even though the guns built on this project did not 
satisfy all the Navy's specifications, these models 
were useful as prot,otypes to test the mechanism. 
IVl~en they \\-ere constructed i t  was recognized t,hat 
they \\-ere subject to cert,ain revisions to bring them 
within thc spccilicstions. 

aa.a.3 Operation of Models I and 111 

For a bcttcr understanding of the sections to f 011011-, 
a det,ttilcd discussion of the sequence of operation of 
the t\vo firing models is given herewith. 

The lower part of Figure 1 is a vertical cross section 
through t,he main operating portion ol Modcl I. Also 
shown is a top view of the breech bloclr, breech slide 
and breech slide lever, and the principal dimensions 
of the breed1 slide carn path. As the bullet proceeds 
down the barrel (A), i t  uncovers the gas port (B), 
admitting gas at  high pressnrc into the gas cylinder 
(C). This gas forces the piston (I)) rearward, which 
in t,rlrn drives the operating shaft (E) back agitinst 
the driving spring (F). Attached to the rear end of 
the op~rrtt~ing shaft is tfhe locking platform (G). A 
for~vard extension on the locking platform holds the 
rear edge of the lock (11) do\\-nward :~gainst:t locking 
ahut,rncnt on the station~~rjr locking key (I). The for- 
ward edge of t,he lock engxgcs a cylindrical surlace on 
the bottom of the breech hlock (J), locking it in thc 
closed position, until the locking platform is moved 
rear\\-ard suficiently tlo allou- the lock t,o rotate up- 
ward out ol engagenlent vi th the locking kcy. This 
upward rota.tion of the lock is produced by the cham- 
ber pressure pushing rearw:zrd and having the locking 
abutment of such an angle (30 dcgrces to the vertic,al) 
that disengagement tends to take place. 

As the locking platform moves rearward, an ex- 
tension on its top surface engages a lug on the bottom 
of the striker (I<) and draws it back a,g:~inst the 
striker spring (L). Just as the lock is released from 
the locking key, the locking platform strikes :I lug a t  
the lower rear end of the 1)reatrh block. This impact, 
aided by residual prcssure in the chamber, drives the 
breech block renrm-nrd. As the lock comes out of en- 
gagement with the locking key, i t  moves upward 
against the forward end of the locking platform, thus 
holding thc breech block, striker, lock, and locking 
platform in fixed relative positions. In  this manncr 
tthey all move rear\\-ard t,ogcthcr, being decelerated 
sorne\vhat by I;hc clriving spring, until the breech 
hlock strikes the buff'er spring (not shown). When 
this occurs, the moving parts arc rapidly brought to 
a stop, and the energy stored in the buffer and driving 
springs drives these parts forward again. 

This fo~.ward motion continues until the forward 
end of t,hc breech block strikes the burrel collar (N), 
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mP VIEW OF BREECH BLOCK 
AND BREECH SLIDE.SHOWING 
PRINCIPAL DIMENSIONS OF 
BREECH SLIDE 'AM PATH 

FIGURE I .  Mechanism of 20-mm gun, Model I. (This figure has appeared ass Fig~lrc 1 in NDRC No. Report A-454.) 

and i t  is brought to a sudden stop. At the same time, 
the lock is free to move downwasd against the loclring 
key. If the sear (0) is held down by the trigger (not 
shown), thc striker is free to movc forward with the 
locking platform and operating shaft, under the force 
of the striker and driving springs. As the locking plat- 
form moves forward, its forward projection holds the 
lock in the locked position until gas pressure again 
moves the shaft ~ tnd  platform to the rear. 

If the trigger is released, the sear is free to move 
upw-ard and engage the sear notoh in the striker. 
Thus, m-hen the breech block, and its associated parts 
move forward, the strikcr, locking platform and op- 
erating shaft, fire held Lo the rear of their ext,reme 
forward position by the sear in t,he scar notch, until 
the scar is pushed downward by the trigger, a1lowin.g 
these parts to move forward again. 

Ammunition for the gun is supplied from a closed- 
loop belt of disintegr.ati.ng steel links, and, is fed from 
the left-hand side (not shown). The feed tray is rigidly 
attached to the barrel and receiver and moves with 
them in rec:oil and counter-recoil, and is not inter- 

ch.mgeable from side to side. I n  these respects this 
model does rlot satisfy thc Navy r.equirernents, but 
since this model was constructed only to test the 
meclianism, this fcature should not be considered a 
fault of the design. It was corrected in Model III .  

Power for feeding the belt is derived from the mo- 
tion of the locking p1:ztform. h stjucl (P) on the bottom 
of the locking platform fits in a curved groove in th.e 
feed lever. As the platform moves back i~nd  forth, the 
lever is caused to swing to the right and left. A pawl 
attached to  the forward cnd of thc levcr fccds the belt 
to  such a position that the round to be fed lies parallel 
to the chamber and 1.x in. to the left. The feed lever 
is of such shape that the belt is fed durin,g the closing 
stroke of the locking platform, and the lcver is posi- 
tioned prior to feeding by the opening stroke of the 
platform. Since the details of the feed tray are not 
unlike those of other belt-fed weapons, no further de- 
scription of them is ncccssary. 

To cstract the fed round from the belt and trans- 
late i t  from its position 1% in. to the left of the 
chamber to its position in the chamber, a breech slide 
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(R) is used. The breech slide is attached to the breech 
block by a dovetail in sucll a manner that it is free to 
slide to thc right and left with respect to the breech 
block, and, of coursc, moving back and forth with the 
breech block. A cam in the top of the receiver actu- 
ates alever (M), causing the breech slide to move right 
or left according to the position of the breech block. 

On the fern-ard face of thc breech slide is a T slot. 
At, the left end of the breech slide are two spring- 
loaded estract,or cln\vs, giving, in effect, an extension 
of the T slot. A third extractor a t  the end closes the 
T slot. As the breech block and slide move forv-ard 
into battery, the three estractor claws grip the round 
to he extracted from t,hc belt, on three sides of the 
extractor groove. The foirrth side is gripped by an 
angular face pin projecting from thc foru-ard facc of 
the breech slide. Thus held securely in t,he breech 
slide, the round is extracted from the belt as the 
brecch block moves rear\\.ard. The cam is so designed 
that lateral motion docs not begin until the round is 

free of the feed tray. Part of the lateral motlion takes 
place on the opening strokc and t'he remainder on the 
closing stroke. When the: projectile is about halfway 
in the chamber, the cam begins to return the breech 
slide to its initial position. This motion is completed 
when the breech block is about in. from tlhe bat- 
tery position. Thus the breech slide i s  moving forward 
~vhcn it engages a new round in the feed tray. 

The motion of the empty case being removed from 
the chamher is similar to that of the round being fed. 
The lateral acceleration of t,hc breech slide is sufici- 
ent t o  throw the empt,y caw out of the open end of 
the 'I' slot, so the empty case is ejected forward and 
to the right of the gun at, an angle of 30-45 degrees to 
the axis of tkc barrel. 

Figure 2 is a vcrtical cross section through a portion 
of the receiver of the Modcl 111 gun. The lower view 

GAS PORT, CYLINDER,AND PISTON 

FIGURE 2. Itlechanisn~ of 20-mm gun, Model 111. (This figurc has appeucd as Figurc 2 in NDRC Report S o .  A-454.) - 
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shows the parts in the receiver as originally designed 
and built. The figure a t  thc upper right shows the gas 
port, cylinder and piston, and that a t  the upper left 
shows the modifications made in the cocking mechan- 
ism, breech slide, and operating shaft to overcome diffi- 
culties encountered in operation. (See Section 28.2.4.) 

As the bullet proceeds down the barrel (A), i t  
uncovers the gas port (B), admitting gas at  high 
pressure into the gas cylinder (C). This gas forces the 
piston (D) rearward, which in turn drives the operat- 
ing shaft (E) hack against the spring (F). 

As t,he operating shaft moves rearward in., a 
raised portion (E'j forces thc cocking slide (G) rear- 
.cvarcl, which, through a two-to-on.e cocking lever (H), 
cocks the striker (I) a distance of 1 in. This permits 
the sear (J) to move upward into a sear notch in, the 
striker, holding it cockcd against the firing spring 
(K). While the operating shaft is cocking the striker, 
its forked rear end (E") pushes the lockingplatform (I,) 
rearward against its springs (M), until the lock (N) 
is free to rotate counterclockwise. The slope at  the 
rcar cnd of the forked operating shaft forces the lock 
to rotate. 

When the lock has rotated sufficiently, it comes 
out of engagement with a section (0') of the breech 
block (01, and the breech block is free to move rear- 
ward against the driving spring (P). 

At the instant the lock becomes disengaged, the 
raised portion (E') ol the operating shaft strikes the 
forward face of the breech block. This impact, plus 
t,he residual chamber . pressure, imparts sufficient 
energy to the breech block to drive i t  to  the rear 
against the driving spring, until it strikes the buf'fer 
spring (not shown). All of the energy for fecding the 
belt and chambering the round is taken from the ki- 
netic energy of the breech block and the potential 
energy of the buffcr and driving springs. 

Removal from the feed tray (A) of the round to be 
fecl (R.) is by means of a breed1 slide (S) similar to 
that in thc Model I. The main difference is that in the 
Model I11 .the fccd tray is above the chamber to per- 
mit feeding from cither side, so the motion of the 
round i~ downward, instead of from left to right. 

The belt feed mechanism and feed tray are similar 
to the same cornponcnts in the Browning caliber .50 
1nachi.ne guns. The feed tray in Model I11 is attached 
to the mount instead of the receiver, to prevent feed 
tray motion when the gun, recoils. Belt Iced is inter- 
changeable from one side to the other, thus satisfying 
certain Navy requirements not complied with in 
Model I.  

Ignition of the round in the chamber is by means of 
the striker, the cocking of which was previously de- 
scribed. When the breech block closes, the lock (N) is 
rotated to the locked position, permitting the loclring 
platform (L) to be forced under the rear of the lock 
by the springs (M). When the locking platform has 
moved forward a clistance suficient to assure positive 
locking, a small projection on th.e locking platlorm 
strikes a lever in the loclc. Neither the projection on 
the locking platform nor the lever in the lock j.s shown 
in Fi,gure 2. The lever in the lock pushes the rear end 
of the sear lever (IT) upward, so its forward end drt~ws 
the sear ( J j  downward, allowing the firing spring to  
pusl.1, the striker forward to ignite the primer of the 
chambered round. Release of the striker cannot occur 
until the locking platform is well under the lock, thus 
prevent,ing prcmat,nre ignition with an unlocked 
breech.. hlanual control of firing is obtained by means 
of another sear (V), which is moved horizontally by 
an clect,ric solenoid. When this sear is in its sear notch, 
the striker can.not move forward to strike thc primer. 

In both the Model I and Model 111, the round being 
fed is tightly gripped in thc breech, slide by the three 
c~t~rac tor  claws and the angular face pin from the 
time i t  is extracted from the belt until i t  enters the 
chamber. There is no opportunit,~ for rotation during 
this peri,od, and the round enters the chamber in the 
same angular position i t  had in the belt. Thus the 
guns are well suited to firing pre-engraved ammuni- 
tion, if the rounds are properly oriented in the belt,, 
as is brought out in Section 28.4. 

28.2.4 Problems En.countered and 
Correc,tive 'Measu'res Applied 

It would be too much to expect that the prototype 
of any mechanism its complex as an automatic cannon 
would operate satisfactorily when first fired. Nuiner- 
ous failures occurred, and in most cases these were 
overcome by modifications in the mechanism itself. 
Some difficulties cncountered would require either :i 
change in the ammunition or a radical change in the 
mechanism. Insofar as possible, problcms encountered 
with Model Z were solved by chunges in design intro- 
duccd wit,h Model 111. 

I t  is quite possible t,lutt under service conditions 
other diWcultics might have occurred as a result of 
conditions not cnc:ountered during testing, such as 
extrcmes of ternpcrature and high acceleration of the 
gun as a whole. Space does not permit a full discus- 
sion of all of thc problems encountered, only the most 
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important being disclrssecl here. These and others are ammllnition was forthcoming, so the fccding problem 
[:overed more fully in the ~ e p o r t ~ ~ ~ r e v i o u s l y  reffcrred perksted for thc life of the project. 
to. 

The most serious difficulty encountered, and the 
only one which \ws not corrected, either by improved 
design or by ternpornry modificatio~~s, was failure of 
the round to enter the chamber, when the guns \vere 
fired at  cyclic rates in excess of 500 rpm. Thcre were 
tnro types of failure of this nature. First, \\-hen the 
rouncl was removed from the feed tray, the projectile 
mas pulled from the case and left in the tray, Second, 
the nose of the projecttile, instead of entering the 
chamber, ~c-oulcl strike the breech face and jam thc 
mechanism. 

Since these failures occurred only a t  high cyclic 
rates, i t  was evident that thcy resulted from dynamic 
rat,her than static conditions. The problem mas an- 
alyzcd by nlcans of high-speed motion pictures, from 
which kinematic analyses mere made. These ana'lyses 
showed that the Ijrcech block undergoes very high 
accelerations (680 I/ a t  561 rpm) when operating 
~lormally. Tests nrcre made of the ammunition to 
determine what forces were rcquired to pull the pro- 
jectiles from the cases. Tt was found that a forcc of 
295 lb mould remove the projectile completely, and 
200 llj ~ i~ou ld  loosen i t  badly. The acceleration force 
is of t,he order of 215 lb undcr normal conciitions, so it 
might be expected that thc projectiles \vould always 
be loosened, and undcr abnor~nltl conclitions ~vould be 
pulled out co~npletcly. 

To analyze the failure of rounds to enter t,hc cham- 
ber, kinematic analyses were made of the lateral ac- 
celcrations and resulting bending moments, which 
would swing the nose of the projectile to one side or 
the ot/her of the chamber. It \\-as found that thesc 
bending moments mere insufficient to cause jamming 
imder normal c~ndit~ions, if the projectile 11-as tight in 
the case, but if the projectile had been loosened on 
removal from the iced tray the bending moments 
were suficient . 

To corret!t these difficull;ies, special a~nmunition 
.was made up which had a tighter crimp than normal. 
This functioned :?at>isfactorily cscept for a fen? roi~nds 
in which t,he case iiTas torn by the resulting sharp edge 
of the crimping groove. It was understood that am- 
munition n-ibh a strongcr crimp ~vould be available 
fro111 the Navy Department, so farther corrective 
measures Ti-ere not tried. T-To\\-ever, none of the new 

When t\vo elastic picccs come together in impact, 
they tend to separate a t  a.pproximately the same 
relative velocities a t  which thcy came together. This 
rebound tendancy had ttwo serious effects, '(shuttling" 
and "breakage" in Rtodel I, and reduced cyclic rate 
in Model III. 

It will l)e recalled from the sequence of operation 
of Model I, that when the locking plat#for~n [(G) in 
Figure 11 has moved back far enough for mnlocking 
to occur, i t  strikes a lug a t  the lower rear of the brcech 

\ J(<ar- block, and the block and locking platform nlovci 
ward together, held in fixed relative positions by the 
lock. Thus any rebound taking place after i~npact 
occurs by elastic deformation of the parts. Kinematic 
analysis (Secttion 28.2.5) showed a relative motion, 
known as "shuttli~ig," in which separation takesplace 
by elastic deformation, to be followed by another 
impact and scparation. Shuttling occurred until the 
energy of the initial rebound \$-as absorbed by hyster- 
esis or plastjic deformatlion of the affected pa,rts. This 
frequently resulted in breakage of the lug a t  the lower 
rcar of the breech block, and also in loss of energy 
cvhich might have been uscd to increase the cyclicratc. 
This could not be corrected in Model I but was avoided 
in the design of Model 111. 

Closure of the breech in Model I11 was completed 
by impact on the barrel collar. The locking mechan- 
ism was not quick enough to prevent rebound after 
this impact, I\-itli the result that the breech block 
bounced back a distance of approximately 2.7 in., in- 
creasing the time for t8hc cycle by as much as 40 msec. 
Several methods Were proposed to el imi~~ate this dif- 
ficulty. The method finally :idopted was to bring the 
breech block to a low vclocity just beforc impact. 
This \%-as done by holding the operating shaft to  the 
rear until the breech block \\-as al)out in, from its 
battcry position. Thus the breech block, just before 
going into battcry, 11-ould strike the operating shaft 
and trnnsfer most of it,s kinetic energy. Thus i t  had a 
very low velocjty when striking the barrel collar s.nd 
thc lock had sufficient timc to prevent rebound. 

Structural failure of par1;s is all\-hys a source ol sn- 
noyance and frequently a serious dangcr. Fortunately 
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breakage of parts in either model never resulted in 
danger to personnel or other equipment, but i t  fre- 
quently did cause serious delays in the program. 

One of these failures was breakage of the breech 
block in Model I, due to "shuttling," as previously 
discussed. The other serious failure occurred in the 
receiver plates of Model 111. This was analyzed and 
found to be the rcsult of high stresscs during firing, 
applied a t  sections where stress concentrations and 
residual heat-treating strcsses were likely to occur. 
Furthcrrnore, the steel originally specified(SAE 4650) 
was not available in the desired sizes and shapes and 
a higher carbon steel was used. The impact strength 
of this steel was found to be quite low, which was 
probably an important factor in the failure. I t  was 
possible to makc temporary repairs by bolting an 
auxiliury,plate to the receiver plate to carry the load. 
Later, i t  was decided to prep:ire new receiver plates 
of the proper carbon content and give closer super- 
vision to the heat-treatment t o  avoid brittleness. In- 
sofar as possible, stress concentration was avoided in 

ment of the case from thc 'I' slot. The presence of the 
cmpty case in the T slot during the closing st,roke 
would cause jamming of thc mechanism. 

This difficulty was overcornc by cutting away the 
T slot a t  its lower end tmd providing extraction by 
an extractor claw a t  thc lower end of the brecch slide. 
Two spring-loaded plungers, set in the face of the 
breech slide, pressed against the base of the case ncar 
its upper edge, tending to rotate the casc in a clock- 
wise direction about the extractor claw. A small plat- 
form was bolted to the top of the operating shaft to  
support the front of the case until i t  was far enough 
out of the chambcr that it would not strike the oper- 
ating shaft during ejection. These changes in the 
breech slide are shown in Figure 2. 

With the exception of "pulled" projectiles, all oper- 
ational difficultics encountered in testing these guris 
were overcome. It is bclieved that problems of feed- 
ing can be overcome only by 3 radical redesign of the 
mcchanism or by a tighter crimp on the a~nmunition. 

the redesign of the plates. 28.2.6 

Several other breakages occurred, but they were 
Kinematic .Analyses 

usually the result of abnormal stresses caused by Certain difficulties in the opsration of Model I in- 
some other failure, and would not have occurred un- dicated the desirability of knowing in more detail the 
der normal &eration. actual movements of the comporient parts. This was 

One of the first difficulties encountered in operation 
of Model I11 was failure of the cocking mechanism to 
operate. It was found that a prcssure wave from the 
gas piston traveled down the operating shaft and 
caused the locking platform to bound awiky ~ ~ i t h  a 
"billiard ball" effect. Thus unlocking was completed 
almost ins1:antaneorrsly and the breech block would 
move rearward without cocking the striker. 

This was overcome by making cocking dependent 
upon breech block travel, rather than on motion of 
the operating shaft. The changes made in the striker 
and cocking mechanism are shown in Figure 2. 

CASE EJECTTON IN MODEL I11 

In  Model I, ejection oi empty cases was accom- 
plished by the lateral acceleration of the breech slide, 
which was sufficient to throw thc empty case out of 
the T slot. I t  was expected that this would occur also 
with Model 111, but the breech slide accelerations 
were reduced in Model JII  to improve chambering, 
and werc insufficient to provide positive disengage- 

particularly important in analyzing failures due to  
"pulled" projectiles, which were described in Section 
28.2.4. 

Kinematic analyses were made from high-speed 
motion pictures taken a t  1,000 frames per second, by 
plotting displacement-time curves. Using a standard 
method of graphical di,fferentiation, vel,ocil;y and ac- 
celeration curves were drawn.m8 Figure 3 shows a 
typical kinematic analysis of Model I when firing a t  
a cyclic rate of 561. rpm. It is noted that during the 
opening stroke, the velocity of the breech block is 
about 300 in./sec, and about 200 in./sec during the 
closing stroke. "Shuttling" of the brecch block and 
locking platform appears as ripples on the velocity 
and acceleration curves in thc region of +4 to +18 
msec. Ripples on the velocity curve during thc clos- 
ing stroke are the result of transfer of kinetic energy 
to  and horn the breech slide. 

The high acceleration of the brcech bloclr, as a re- 
sult of impact from the locking platform, is shown a t  
+3 msec, when it has a value of 262,000 in./sec2. 
Values of very high accelerations of short duration 
cannot be determined accurately, because the expo- 
sures a t  every millisecond interval do not indicate 
the actual movement during tjhat interval but  only 
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TIME IN MSEC 

FIGURF, 3. Kine~nat~ic: analysis of firing cycle, 20-mm gun, Model I. (This figure bas appeared ss Figure 3 in Nl)RC 
Rcport No. A 4 5 4 . )  

the net displacement and hence the average velocity. 
Ho~vever, the values so obtained are useful in giving 
a clue to operational difficulties. 

By combining the data of Figure 3 with the draw- 
ings of the breech slidc cam path, i t  was possible to 
determine the transverse accelerutions of the breech 
slide. They produced bending ~noments tending to 
bend the projectile out of the case and the round as s 
whole out of the,!T slot. Curves of these bending 
moments are s'ho~vn in Figure 4. These curves sho~v- 
thnt during thc transverse movement of the breech 
slide, the moment on the conlplete round varies from 
about 50 to  1.50 lb-in., and the moxnent on the pro- 
jectile about the crimping groove varies from about 
9 to 24 lb-in. The nosc of the projectile enters the 
chamber at  a breech block displacement of about 7 
in. on the closing stroke, a t  which time thc bending 
moments on the round and projectile are approxi- 
mately 70 and 12 111-in., respectively. If the projectile 
were tight in t11.e case, thesc monlents ~vould not be 
sufficient to prevent chambering, but it must be re- 

energy of the breech block and driving spring in- 
creased during the esrly part of the opening stroke, 
partially as a result of blo~\-back. During the closing 
stroke, the energy dropped rapidly, shortfly after 
leaving the buffer spring, due to the absorption of 
energy by the belt feeding mechanism, thus giving a 
slow closing stroke. If energy for belt feeding had 
been taken near the end of the closi,ng stroke, instead 
of at  the beginning, a considerably higher cyclic rate 
11-ould have been obtained. 

There was insufficient time to make conlplete kine- 
matic -analyses of Motlel 111. However, the an- 
alyses did show a vcrg high acceleration (900,000 in./ 
scc" resulting from impact of the operating shaft. 
These curves were similar t o  those for Model I, cx- 
cept for the presenc,e of rebound st the end of the 
closing stroke, and the absence of "shuttling." 

The kinematic analyses were probably the most 
important factor in locating axid eliminating sources 
of trouble in operation of the guns. 

- 

membered that the projectile was previously loosened 28.2.6 

by $he accelerat,ion on removal from the feed tray. 
Prediction of Firing Rate 

The kinernat,ic analysis was useful in determining During the design period of Model 111, i t  was felt 
the energy of thc system. I t  was found t)hat the total desirable to predict the firing rate,in order that spring 
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constants and other factors might be given optimum 
values before completion of the design. Unfortunate- 
ly the time available was Loo short to incorporate 
the results of the calculations into the design, or to 
make a complete calculation of the final, design. 
I-Ience the calculations shown herein apply only to a 
hypothetical gun having the same general charactcr- 
istics as the Model I11 gun. 

Briefly the method of calcuIation consisted of set- 
ting up a differential equation of motion for each part 
of the cycle, determining the time for that part, and 
taking the sum of the tj.mes as the total for the cycle. 
For some parts of the cycle the time was known or 
estimated, some could be calculated directly, and 
others had to be calculated by a step-by-step method. 

The cycle was considered to start a t  the instant the 
sear released the striker. Thc results of the compu- 
tations arc summarized in Table 1. The bases on 
which they were made arc indicated in the following 
paragraphs, which are numbered to correspond to the 
successive time intervals. 

1. The striker had simple harmonic motion, being 
a simple spring-mass system for which the mass 
weighed 1.02 Ib and the spring had a constant of 30 
lb/ia. The natural frequency w of the sgstem was 
cvaluated by equation (I  ) 

in which 1c is the elastic constant of the spring and m 

BREECH BLOCK DISPLACEMENT IN INCHES 

OPENING- 

BREECH BLOCK DISPLACEMENT IN INCHES 

CLOSING- 

FIGURE 4. Bellding ~rlolncnt on round due lo brcech slide aqcelerat,ion, 20-mrn gun, hlodel I. (This figure has appeared 
as Figure 6 in NDRC Report, No. A-454.) 
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TABLE 1. Calculated time for each intel-val in the firing 
cyclc of 20-~nm automatic cannon. 

.- 
Inter- Time 

val * Event (scc) 

Striker motion 0.0125 
Projectile to pass port 0.0018 
Operating shaft motion 0.0015 
Primary extraction 0.0002 
Impact 0.0002 
Hlowback 0.0067 
Motion uf breech block from the end of 

blowback until engagement with buffer 0.0134 
Compression of buffer 0.0074 
Decompression of buffer 0.0074 
Buffer to battery 0.0380 
J>ockirig platform motion 0.0096 

Total 0.0'385 
Equivalent, firing rate: 609 rpm 

*The cycle is considered to start at the intitant the ucar releases the 
B tr ik~r .  

is its mass. The time for the first interval of the cycle 
is then given by equation (2), 

in which xo and XI are the compressions of the spring 
before releasc and after striking the primer. 

2. Interior ballistic data for the ammunition fired 
showed that the time lz  - t~ for the projectile to move 
11 in. after the primer was struck was 0.00159 sec. 

3. After the gas port had been uncovered, high 
pressure gases flowed into the cylinder and drove the 
piston and operating shaft rearward. Equation (3) is 
the general equation of motion. 

where F is the force on the piston and x its displace- 
ment. This force is a function of the pressure in the 
barrel (which varies mith time) and of the volume in 
the cylinder (which varies mith x). Inasmuch as i t  is 
impractical to use an analytical function of F ,  the 
motion mas solved by a step-by-step proccss, using 
time intervals of 0.0001 sec to find the time required 
to move 0.5 in. 

4. During the next %-in. movement of the oper- 
ating shaft, i t  cammed the lock out of engagement 
with the breech block and imparted some initial 
energy to the breech block. This"primary extraction" 
process mas most easily solved by an energy balance, 
making assumptions regarding friction and taking 
into account the effect of blowbuck. 

5. The laws of impulse and momentum were used 

to estimate the velocity of the brcech block after im- 
pact. 

6. During the early part of the opening stroke of 
the brecch block, the motion was aided by blomback 
and retarded somewhat by friction. The equation of 
motion is similar to equat,ion (3)) but, of course, has 
different constants. Since the blowback force mas not, 
a constant or a simple f~nct~ion  of x or t, a step-by- 
step process ~vas  used. Friction was estimated a t  50 
lb and the blowback pressure p at  any instant mas 
calculated48 by equation (4) 

in which po is the barrel pressure when the projectile 
leaves the muzzle, a is the ratio of the muzzle veloc- 
ity to the barrel length, y is the ratio of the specific 
heats of the powder gas, and the time t' is measured 
from the instant the bullet leaves the muzzle. 

7. The motion of the breech block from the end of 
blowback until i t  struck the buffer spring was similar 
to that during blomback except the blowback force 
\\-US zero. 

8. The required constants of a buffer spring to be 
compressed 2 in. were calculated, and the new value 
of lc substituted in equation (3) for calculation of the 
period of buffer spring compression. 

9. It was assumed that cjecornpression of the buffer 
spring required the same time as compression. 

10. The time for the closing stroke of the breech 
block was calculated in two different ways; first, by 
application of the principles of a spring-mass system 
taking into account the energy required for belt fced- 
ing, and, second, by assuming that the closing stroke 
required about 65 per cent longer than the opening 
stroke. The value obtained by the latter method was 
used. 

11. After the breech block went into buttery the 
locking platform had to move under the lock. Again 
the process involved a simple spring-mass system. 

The total calculated time for the cycle was 0.0985 
sec, so that the calculated firing rate was 609 rounds 
per minute. 

Two possible ways of increasing the firingratewith- 
out affecting breech block motion are by sh.ortening 
the time for the striker to move and by using an 
instantmeous locking device. The first of these \\-as 
actually done to correct another Iault (cocking diffi- 
culties-see Section 28.2.4), and the time for striker 
motion reduced to 0.005 sec, which would increase the 
calculated firing rate to 659 rpm. The use of an in- 
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st~~ntaneous lock suc11 as :L toggle link mould rcduce 
the time for the cycle by n further 0.0096 sec, raising 
the calculat,ed firing r t~ tc  to '737 rpm. 

28.2.7 Conclusions 

As a result of the experimental w,orlr and theorctical 
analyses performed on this 20-mm gun project, cer- 
tain conc,lusions may be drawn. 

I.. Both models that were 1:juilt and fired per- 
formed satisfactorily within limits. 

2. A11 ui the problems encounter.ed, with thc excep- 
tion of "pulled" project~iles, were ovel.come by changes 
in the gun mec!hanism itself. 

3. Neittier of the guns built completely satisfied 
the Navy requirements nlitll respect to weight and 
length. 

4. The standard Navy z~mmunition used is not 
~at~isfactory fur this type of mechanism, ~vithout, 
modifying the mechanism to reduce a,cceleration 
forces and bending moments. 

5. The kinematic analyses Itrere of great importance 
in determining causes of failure tmd in correcting 
t,hcm. 

6. Both models had remarkable belt-pulling abil- 
ity. 

7 .  In~pact~s rcsultting in "shutt,ling" or rebound 
cause parts failure and low cyclic rates. 

8. More infornlstion on the action of gas cylinders 
a,nd blowback is nccded. 

9. During the design stages, the results of theo- 
retical kinematic analyses (calculation of firing ra.t,e, 
etc.) mould be helpful in choosirig correct springs and 
weights. 

10. Quick-acting locking devices are useful to in- 
crease cyclic rate. 

11'1. High breech block weights require more encrgy 
for the same cyclic rate. 

12. J,ong travel for parts reduc,es cyclic rates if vel- 
ocities and accelerations are to be kept to a minimum. 

13. Maximum blowbaclr power is obtained with 
early 'breech opening. This is limited, however, -by 
the ability ol' the case to resist rupt~irc with high in- 
ternal pressure. 

1.4. The gun ~nechanisnlis adaptable tIopl*e-engraved 

sented herewith certain recommendations ivhich the 
author believes will minimize dificulties if they are 
adopted. Some of these recommendations are very 
brot~d while others are specific, some relate to design 
ancl others to Surther lines of invcstigation, an.d some 
conccrn the gun al.one while others c,oncern the am- 
munition in relation to the gun. 

3.. The rounds shodd be moved wit>h :~cuelerations 
as low as possible to avoid inertia forces and couples 
tthat tend to loosen projet:tiles in the case and make 
chalnbering difficult. This applies to belt feeding, rc- 
moval from belt and translation to the axis of the 
chamber.. This might be accomplished by the use of 
buffer springs to limit maximum acceleriitions. 

2. To takc ~naximum advantage of blowback pow- 
er, the breech should be opened as csrly as practic- 
able. There are some limit1ations to tfhis expedient 
however. Extraction of energy for blo~vback may i t -  
sult in loss of muzzle energy, an.d early extraction 
subjects the empty case to high internal pressures 
which might rupturc it and m.ake ~xt~raction difficult. 

3. The ammunition should be designed for the gu.n. 
This design should include sufficient crimping to pre- 
vent loosened projectiles, and sufficient wall strength 
of the case to pcrmit early extraction. This recom- 
mendation is closely allied to recommendatiorls 
1 arid 2. 

4. For rnasimuln cyclic rate, the breech block open- 
ing and closing strokcs should be at  as high a velocity 
as practir:able. For limited total energy of the block, 
the wcight should be low and the driving spring only 
stiff enough to assure brcech block closure under the 
worst conditions. 

5. Energy for auxiliary functions, such as cocking 
and belt feeding, should be extracted as near the end 
of the k)reech closing stroke us possible, to  maintain a 
high kinctic energy in thc breech block. This hams the 
added advantage of reducing the brcech bl.ock veloc- 
ity as it goes into battery and helps eliminate re- 
bound. 

6. For better analysis ol gas-operated I\-eapons, an 
analytical study should be maclc of the action ol gas 
ports and pistons. 

7. The time required Tor events in the cycle that 
occur between t,hc time the breech bloclr closes and 
the striker. hits the primer sl-lould be as short as pos- 
sible, to get high cyclic rates. Instantrtneous locking 
devices and short stroke strikc rs ~vill shorten this time 
con siderably. 

In  order to make the experience of this projec,t of S. The weights of the operating shaft and the br*eccli 
most effective use t,o fu1;ure designers, there are pre- block should be so proportioned that the maximum 
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amount of enerLT is transferred from the sl~aft to  the 
breech block a t  the instant of impact. 

9. R,ebound of the breech block, when going into 
b:ittery, can be eliminated by having it impact against 
some mass, such as the operating shaft, thus losing 
kinetic energy before the impact with the barrel col- 
lar or ot,her stationary mass. 

10. Careful dynamic studies should be made dur- 
ing design, to avoid faults that \\;auld result in lon- 
cyclic rutc or failure to opcratc: under conditions of 
high acccheration. 

11. To keep the gun as short and light as possible, 
the length and travel of the breech block should bc 
kept short. This will also raise thc cyclic rate.' 

12. Instlfar as possible, locking stresses should 
be lirnit,ed to the for\\-ard part of the rcceiver, or 
prr:fera,bly kept free of the receiver. In this w 5 -  
the \\-eight of the receivcr can bc mat,erjally re- 
ducecl. 

13. Ii loc,lii~lg devices, driving arid buffer springs, 
and the n-cight distribution of the breech block are 
symmetrical ahout the axis of the chamber, friction 
forces and 1:lteral stresses could bc minimized and the 
11-eights of parts reduced. 

14. The charger and trigger sole~loid should be 
mounted inside the rcceiver, so that right- and left- 
hand interc:hangenbility is not required. This would 
reduce the numbel. cjf openings required in the re- 
c~iver  and tlic st'l'ess concentrations resulting there- 
lrom. 

15. Snap catches, etc., that have toact iamedintely 
ahoulcl be avoided, becausc they tend to engage on 
1-ery sm:tll surfaces arid mpid \year OCCUT:~. 

16. 13uffer springs between imp:ict,ing surfaces 
might be used to reduce impact stresses and high 
accelerations resulting from impact. 

17. Spring-actuatctl parts should hnvc springs of 
sufficient strengt,h to prcvrnt undesired mot,ion of 
t,hese part,s unclr~: high conditions. 

18. Ejection ports should be sufficiently large rmd 
free of o1,structions to prevent jamming ol empty 
cases and links. Tt must be remembered that com- 
plcte I-ouads must f~equently b(: ejected in case of 
misfire. 

19. Large flat plates for the receiver or other parts 
should be nvoided, because thcy are difficult to hent- 
t rel t  ~\-ithout distortion. 

20. The psrtts should be clesigned so they can bc 
easily machined from bar, tube, or plate stock with- 
out remoj-al of too much material. If necessary, forg- 
ings or castings coulcl 13c used, but t,he use of stoclc 

material is preferable from the procurement stanrl- 
point,. 

21. Parts requiring high tensile strength should not 
be subjected to impacts and should he designed to 
avoid stress concentration and residu~~l heat-t,reat- 
ment stresses. Likewise parts subjected to impacts 
shoulcl not hc rcquired t,o carry high stresses. This is 
necessary to svoitl the use of special alloys hi~ving 
both high tensile and high i~npact strengths. 

22. Consideration should bc given to moclification 
of the powcr linkage bv thc urn of multi.ple-drive 
units, one 9.35 cylinder being used I;o produce fore- 
md-aft moverncnts and anotthcr to produce move- 
ments of the belt arid other parts movirig at  a right 
angle to the axis of thc barrel. In this way a higher 
cyclic ratc could be obtained ~vithont puttting unduc 
stress on the moving parts." 

28.3 PROBLEMS 1N 01-SIGNING 

AUTOMATIC MECH.AN'ISM FOR 
HYPERVELOCITY AMMUNITION 

28.3.1 Introduction 

Iligher velocity of a given projectile may bc ob- 
tained hy increasing the mean net force acting on the 
base of thc projectile, or by increasing the distance 
over 11-hich that force works. The distarlcr: over w-hich 
the force act,s can readily be increased by lengthening 
the I-)arrel of the gun. The mean net forct! acting 
deperids upon the height; and shape of the prcssme- 
travel curve, and C ~ I I  he increased by increasing the 
rnasinlurn g:ts pressure, decrctasing retarding forces 
(friction), or by maintaining a larger proportion of 
the curve ah or near its maxi~num value. 

There are vbjcctions to  the use of an)- of thesc, 
nlethods of increasing muzzle velocity, so 21 com- 
promise is usually made of the v ~ i r i o ~ ~ s  factors. Longer 
barrels r e s ~ ~ l t  in heavier guns that rcyuire more power 
for the elevating and traversing mechanism. Increased 
maximum gas pressures mcan that the walls of the 
barrels must he t,hicker (and heavier) or made of 
higher strength mat,erinls. Tittle can be gained by 
reciucin,g friction, as t,his force i.s only a small fraction 
of the t,ot,al propelling force. Tn order to maintain a 

'I 'l't~is recol~lnlendntlon is taken from a postscrjpt w-rittcn 
for S n R C  lieport A4541'")y Mr. ,I. A. TenBrnok, formerly 
.Head of thc Engineering and Devcloprrient Branch, Division I., 
KI3R.C. In that  position he had supervision of the contract 
under \vhich the Johnson 20-mm gnrl x 7 - i ~ ~  being dcvcloped. 
(Editor's not,c.) 
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larger proportion of the pressure curve a t  or near its 
maximum value, that is, to increase the ratio 

mean effective pressure 
maximum pressure 

a larger quantity of slower burning powder is re- 
quired. This increases heat transfer t o  the barrel, 
gives higher muzzle pressures, and  increase^ muzzle 
flash. An increased powder charge usually requires a 
larger cartridge case. This may be obtained by in- 
creasing its length, diameter, or both. 

Thc tactical disadvantages of thc methods of ob- 
taining higher muzzle velocities have been mentioned. 
These methods also introducc serious problems in the 
design of the gun mechanism itself. 

The remarks to follow relate only to weapons using 
normalweight projcctilesIein which highvelocities arc 
obtained by increased pressure, longer barrel and in- 
creased powder charge. They are not concerned with 
the use of "half-weight," sabot or deformable pro- 
jectiles. 

28.5.2 Recoil. 

The maximum velocity of the recoiling parts in free 
recoil T/'r is given50Y by equation ( 5 ) ,  

in which M is the weight of the projectile, V is the 
muzzle velocity of the projectile, C is the weight of 
powder, 4700 is the assumed mass-mean velocitjr of 
the powder gas, and W is the weight of recoiling 
parts. If the gun is to be operated as a hypervelocity 
gun, V and C would be increased and the mass-mean 
velocity of the gas would probably be increased some- 
what due to higher muzzle pressures and tempera- 
tures. The weight d the gun would probably be some- 
what greater t o  give greater strength or longer travel, 
but in general the numerator of equation (5) would 
increasc faster than the denominator. Therefore the 
velocity of free recoil would be higher a t  hyperveloc- 
ities than a t  normal velocities. This would necesfiitate 
a redesign of the recoil mechanism to absorb greater 
energy, pcrmit longer travel or exert greater rctarda- 
tion. In the case of rccoil-operated guns, such as the 
Browning machinc gun, hypervelocity ammunition 
and the greater recoil velocity (with normal weight 

That is, projectiles for which the ratio ol the weight M to 
the cube of the diameter d i s  approximately 0.5 Ib/in.a. 

projectiles) would probably give increased cyclic rate. 

28.3.3 Barrel ~ e & n  

Needless to say, the use of higher chamber pressures 
to secure higher velocities necessitates heavier walls 
or higher strength materials. Dynamic stresses re- 
sulting from increased recoil accelerations would have 
to be given consideration, as would bending stresses 
due to barrel whip if the length were increased. Barrel 
temperatures would be somewhat higher (see Chap- 
ter 5), so the effect of temperature on strength would 
be important and provisions for adequate cooling 
might be required. 

2s.a.4 Breech Lock or Breech Ring 

Inasmuch as high muzzle velocities are usually ob- 
tained by the use of hjgher chambcr pressures the 
strength of the breech lock must be increased. This 
condition is further aggravated by thepact that the 
cartridge case is of larger diameter giving an addi- 
tional increase of total force on the breech block. If a 
sliding breech block is used, these remarks apply to 
the breech ring. 

as .~ .s  Breech Block 

Sliding breech blocks frequently have an insert on 
the forward face to facilitate assembly of the striker 
mechanism. High chambcr pressures and setback of 
the cartridge case occasionally produce enough de- 
formation of the breech block and insert to interfere 
with opening of the breech. Therefore consideration 
must be given to the strength of the breech block to 
avoid this condition. 

To accommodate thc larger powder charges re- 
quired for hypervelocity, the cartridge cases are 
usually increased in length and diameter. Therefore 
to handle the longer round, recoiling breech blocks 
must travel a greater distance and the receiver and 
mechanism contained therein must be modified ac- 
cordingly. 

28.8.6 Feed Mechani.sm 

Since the total weight of the complete hypcrveloci- 
t y  round is somewhat greater than that for normal 
velocity, the feed mechanism must be somewhat 
stronger, and the mechanism mill require larger quan- 
tities of powder for satisfactory operation. 
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28.4 LOADING AND INDEXING 
MISCIIANISMS FOK PRE- 

ENGKA.VED PROJECTILES 
28.4.1 Introduction 

Pre-engraved projectiles in chromium-plated bar- 
rcls are useful in prolonging barrel life, as is shown in 
Cht~pter 31. In o ~ d e r  for such projectiles to be prac- 
tical, there must be some means of indexing tl~cm 
positively, to make certain that the splines or teeth 
on tthe projectile mill engage the rifling of the barrel 
during chambering of thc round. If proper orient&- 
tion is not, obtained, the splines will jam on the lands 
and result in excessive powder pressure and r q i d  
\\ear s.t the origin of rifling.. 

TestPo made on existing loading mechanisms 
showed how much angular rotation of thc projectile 
took place in moving from the belt or clip or other 
ammunition supply until i t  ~vas  seated in the cham- 
ber. By pointing the lands and splincs with rnatching 
30-degree slopcs a certain amount of misalignment 
could be tolerated, but it ~vould be preferable to have 
accurate alignment. 

The Bro\vning: caliber .50 machine gun shox~-ed a 
case rottation of k 20 degrees, \vhii:h. ~vould be satis- 
factory for a four-land barrel. Large and irregular 
rotation of the cartridge case was foundin the37-mm 
. lA gun, NII A2 and in the 40-rnm A d  gun, M 1  (no- 
fors). About half the shclls were inserted unfavorably 
in hand loading and in power loading a 90-mm gmn, 
MI, ak 22 rounds per mlrlnte. These tests indictttcd 
that changes in the projectile, origin oE rifling, and 
feeding mechanism were required to chamber the pre- 
engraved round satisfactorily. 

Thc follow-ing guns and anlmu~lition were modifiecl 
to fire pihe-engraved ammunition: (I) Caliber .50 
Browning machine gun, (2) 40-mm Bofors gun, ancl 
(3) 20-mm Jolmson gun, Model 111. 

28.4.2 Browning Caliber .50 Machine 
Gun 

Several changes were made in the gun and ammll- 
nition to rnztke possible the chainbering of pre-cn- 
graved ammunition, as follows: 

(1) Four rifling grooves in thc barrel instead of 
eight. 

(2) Groove depth 0.020 in. insteacl of 0.005 in. 
(3) Pre-engri~ved steel bullet with four integral 

splines 0.020 in. high, instead of soft jacket. 
(4) Splines on bullet pointed with 30" slope. 
( 5 )  Lands a t  origin of rifling pointed with 30' 

slope. 
(6) Indexing slot on basc of cartridge case. 
Thc splines on the projectile were properly ori- 

ented nit11 respect to the indexing slot, which in turn 
was given a definite angular position in the belt. 
These tn-o steps -were easily taken by modification of 
the cartridge and belt loading mechanisms. Thus the 
projectiles were so aligned 111 thc belt that, if no rota- 
ti,on took place in going from the belt to the chamber, 
all rounds 1%-ould occupy the same angulrtr position in 
the chanlber. Only four ratchet notches are nnillcd at; 
the rear of the barrel, so the barrel ~vould have to be 
in one of the four desirk~ble angular positions. Previ- 
ous tests had sho~vn a maximum angular displace- 
ment of the round of only 1-30 degrees in going from 
the belt to the chamber. This is well .\vithin the allo~y- 

I 5. Calibcr .50 pre-engrvcd projectill: for test, or aulomatic fire in  Browning ~xlrtcllinc gun. (This figure l ~ n s  
nppeenld as Pigurc 30 in NDltC Rcport S o .  A-448.) 
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#B t.002" AFTER 
2'50 -,ooo" 

PLATING 

MACHINE TO,, 
-2s  6 " +a02 

:o op" 

AFTER PLATING 

,530" t . 0 0 1 "  
DIA - - O O O ~  

AFTER PLATING 

ENLARGED SECTION THROUGH 
BORE SHOWING RIFLING 

FIGURE 6. Chamber dctails of cali1>.cr .50 ~nacl~irle gun barrel ~noditicd to permit firing t,he pre-engraved projectile 
shown in Fjgu.rc 5. (This figurc has appeared as Figure 34 in NDRC Report No. A-448.) 

able limits to prevent "hang-ups" in a four-groove 
barrel, with pointed lands and splines. 

In  firing GOO rounds of pre-engraved alnmunition 
in this gun, there were no lnalfunctions in entoring. 
the rifling and no hang-ups a t  thc origin of rifling, in- 
dicating that this method of indexing is satisfactory 
a t  ratcs of 500-550 rpm. 

The pre-engraved projecatile is shown in Figure 5, 
and the chaniber dctails of the modified barrel in 
Figure 6. 

21.4.3 Johnson 20-mm Automatic 
Aircraft Guns 

The Model I and Model 111 guns, described in Sec- 
tion 28.2.3, werc adapted to fire high-vclocity caliber 
.50 ammunition. These guns ernploy a, novel feeding 
system whereby the round is positively held in thc 
breech slide from the time it is drawn from the belt 
until i t  is well in the chamber, with no opportunity 
for rotation about its axis. Thus, if the round is prop- 
erly indexed in the belt, it will be properly oriented 
in the bnrrcl. 

The tests in the Model I gun were simply lo deter- 
mine whether or not such orientation was actually 
obtained. They consisted of putting a scratch on each 
case and lottding the rounds in the be1 t so the scratches 
were st tile 12 o'clock position. A cor.reuponding 
groove was cut in thc 12 o'clock position in the cham- 
ber, so the high chamber pressure of firing would 
leave an indicating mark on the case. This could be 
compared with tbe scratch previously made to indi- 
cate the amount of rotation, if any. The ammunition 
consisted of a caliber .50 ball bullet, M2, loaded into 
a 20-mm case necked down to fit the calibcr .50 pro- 
jectile. A charge of approximately 476 grnins of dou- 
ble-base powder was used to givc a pressure of 56,000 
to 58,000 psi and a velocity of 3,600 to 3,700 fps. I11 
tests a t  560 to 570 rpm, i t  was found that vcry little, 
if any, rotational displacement of the rounds took 
place, indicating that this mechanism wo11ld be suit- 
able for pre-engraved ammunition. 

The Model 111 gun was fired with calibcr .50 pre- 
engraved high-vclocity ammunition. This was similar 
to that used in Model I, except that pre-engraved 
projectiles with pointed lands mere uscd as had becn 
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FOR AUTOMATIC F I R I N G  OF PRE-ENGRAVED PROJECTILES IN 40-MM MOUNT 

GUIDE 
TRAGK 

GUIDING SPLINES ON GROOVE I N  CASE 
PROJECTILE ALIGNED GUIDES ON TRACK 
TO GROOVE IN CASE 

SPLINES YESHE 
WITH R I F L I N G  

GUIDE LATCH 

ALIGNING TRACK GUIDES 
C A S E  

, F I R S T  STAGE- GUN LOADED 

I 

GUIDE TRACK , 

FLEXIBLE GUIDE ON A 
SWINGING GATE 

ALIGNING TRACK GUIDES 
CASE I N  AND OUT 

GUIDE LATCH 
RETRACTED BY 
FIRED CASE 

SECOND STAGE- CASE BEING EJECTED 

FIGURE QA. First t,wo stages i11 the oper:~l;ion of thc automatic loading niechauism for 37-inm pre-e~lgrsved ammuni- 
tion. (This figure has appearecl as Figure 41 in NII)R,C IteporL No. A-148.) 
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mo~red down~~r:ird. A sinlilar track ,\\-as mounted on and, groove, and by another track and groove \I-h.ile 
the feed tray and este~lded in sections on the breech moving horizontally. A spring-loaded guide lat,ch 
ring and breech block to engage tthe groove in the acted as an extension of the vertical track to align the 
edge of the flange. Thus while the round m7as moving case during the transition from the verticd to the 
I-ert'ically to the feed tray it n-as guided by one track horizontd track. While tke rotind was being rammed 

GUIDING SPLINES O N  PROJECTILE 

THIRD STAGE - C A R T  RIDGE ON LOADING T R A Y  

SPLINES ON PROJECT~L 
MESH WITH RIFLING IN G 

FLEXIBLE GUIDE PREVENTS 
C A S E  FLANGE FROM LEAVING 

GUlOE TRACK 

FOURTH STAGE- CARTRIDGE BEING R A M M E D  

Frounx 8B. Lust t \ ~ o ~ s l a ~ c a  in the opcratiorl of khr: aut,om:ttic loading li~echarlislli for 37-mrn pre-engrwed ammui~ition. 
(This fi gurc has appearcd as Figure 41 in .SDR.C Iteport No. AA48.) 
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by the feed rollers, a flexible guide above the cast: pre- pices. It was continued during J94fj on :%n Army con- 
vented the case flange from leaving the horizontal tractg with the plan that the mechanism will be tcstcd 

track. Figure 8 shows four st,tiges in the firing, for functioning of pre-engraved ammunition under 
cjectio~i of an empty case, and chambering of a new automatjc firing conditions. 
round. --- 

This work was not completed under NDRC aus- R Contract W-36-03-7380 with the Franldjn In+tltute. 



Chapter 29 

SABOT-PROJECTILES" 
By J.  S. Burlewl~ 

29.1 TH E SABOT PRIN-CIPLE 

T HK DEVELOPMENT 01 subot,-projectiles was one of 
several projects undertaken by Division I in its 

endeavor to atbnin higher useful muzzle velo~it~ies 
t,han were attainable u-it,h con.ventiona1 projectiles 
fircd from co~lvent~ional guns. A sabot-projectile may 
he fircd horn a standard gun interchangeably \\-it,h 
standard rounds ~ ~ i t h o n t  alterk~tion to the gun or 
change in the normal powder pressure. I t  ~ i - a s  this 
feature of sabot-projectiles that made their develop- 
ment seem especially worth while a t  the beginning of 
this country's pitrticipation in World War 11. The use 
of heavier armor by the Germans, as has been brought 
out in Chapter I ,  hat1 created a need lor higher veloc- 
ity armor-piercing projectiles, in order to increase t,he 
penetration tit battle ranges of csisting guns. 

Thr: hope that t,his need might be met must quickly 
by firing sabot-projectiles from csisting guns led 
NnRC to focus at>tention un their development. 111- 
though these plojectiles \\.ere not developed in time 
to be used by American forces during thc mar, the 
latest tests indicated that a SO-mm sabot-projectile 
could be made so that its accuracy ~vould be as great 
as that of t,he standard projectile, while a t  the same 
time it would have greatcr armor penetration because 
of its higher velocity. 

29.1.2 General Description 

A sabot-projectilc is one that separates into two or 
more parts after leaving the muzzle of the gun. One 

or more part,s comprising the sabot are dist:,zrded, 
while the projectile proper (relerred to as the acb- 
calzbcr projectile) proceeds along Its trajectory."ig- 
ure 1 is an esplodecl view of the individual parts of a 
sabot-projectile of thc samc general design as that 
described in Section 29.3.4. 

The muzzle velocitv of a sabot-projectile is greatley 
t,han that of the projectile of normal \wight for t,he 
same cdibcr gun, when thcpomcler chaa.gc is the same, 
because ol the rccluced mass of the projectile. The 
rnerc at,tainment of increased muzzle vclocitr is not 
particularly difficult, but by itself it is of no practical 
d u e .  In order for the hypervelocity sabot-projrctile 
to be useful9 it must have a good form factor and satis- 
factory st,ability, so that it retains a higher velocit,y 
all t,he way to the target. Thereforc the first stcp in 
t,he program for the de,velopmcnt, ol sabot-projectiles 
by Division I \\-as a stJudy (describedinSection29.2.2) 
to determine the design linlitations for the subcsli- 
her projectile in order. that satisfactory stability 
might be attained when it is fired from existing guns 
having starldard twist of rifling. 

29.1.9 Advantages and Disadvantages of 
Sabot-Projectilesl"o 

V-~LUE FOR ARMOR PENETRATION ' 

The application of the sabots ~vitll which Division 
1 was concerned for the most part \vas intendcd to 
incrcxse the armor penetration obtainable -with guns 
already in service Even though a considerable 
portion of the energ!, of a sabot-projpctilc is lost be- 

& As originally planned, this ch:lpter was to have been :I 

critical analysis of the problcru of designing sabot-projectiles, 
il1ustr:tted by exanlplcs drawn irorr~ the experience of Division 
1 contrattors. I t  was not possible tn find an mrthor who had 
the time to do this, and therefore thc Editor has supplied 
merely a r8snm6 of what Division 1 did in this ficld, v-it.h 
references to the formal XDRC reports in \\-hick further de- 
tails may be found. He Is indebted to Mr. J. McG. hlillar 
(formerly Assistant Physicist, Geophysic:il Lnbinrntory, C:lr- 
ncgie Institutiort of mTashlrlgton) artd to  111'. Edmund Rain- 
bridge (formerly Engirleer, NDR.C Engineer~ng 2nd Transi- 
tion Office) lor helpful suggestions roncerning the matcrial in 
Section 29.1 and to hlr. Millar for a draft of Scction 2!f.2.2. 

'3 Technicel Aide, Division 1, KDRC. (Present :r.ddress: 
Gcuphyaical Laborstory, Crzrrlegie Institution of Washington.) 

In many reports clcnling nit11 sabot-projectiles the caliber 
of the subcdiher prcrjectilc Iins been included in the designa- 
tion of the caliber of the projectile, as for itlstnnce: ''11-20 
mm," "7.5-57 J ~ U Y ~ , "  itnd "105-75 rnrn.'' S o  standarcl design:>- 
tion has bccn established. In  the present chapter such desig- 
nations have not, been used, for in the light of the later develop- 
nlcnt 11-ork on sabot,-projectmiles it  dues not, seem necessary to 
!)lace speci:tl emp1i:isis on the diameter of the subcaliber pro- 
]ect,ile. I t  is no nlore f ~ ~ n d s m e ~ l t s l  s property than some other 
characteristics, sncb as the weight, which are not includecl in 
the designstion. Fm-thernlore, t o  refer to  a sabot-projectile 
simply as u $10-mm one, irtstead of as s ''90-56 nml" one, for 
example, emphasizes the important point that n,a far 2,s use is 
concerr~ed the sabot,-project,ilc is intcrchnngeablc \vith othel, 
rounds for thc same gun. 
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UICKING SNAP 
SHOES RINGS 

@- \ 
RUBBER RETAINING PINS FOR SABOT '% BEARING TRACER POCKET CORE WINDSHIELD 
OBTURATOR WASHER BEARING BAND BAND AND SHEATH 

Flcun~  1. Exploded view showing the separat,ion of the various parts of a sabot-projectile, based on the design of the 
SO-nlm projcctlle shown in Pigurcs 7 and 8. 

cause of the high ratio of charge to projcctile weighta7 
and because of the nonpenetrating parts of the sabot, 
the remaining energy is concentr:~ted over a much 
smaller area of the armor plate. 

A steel subcalibcr projectile does not show a large 
advantage for armor p e ~ ~ e t r a t i o n . l ~ , ~ B y  thc proper 
choice of diameter of the subcaliber projectilc in a gun 
with favorable twist, an increase in armor pcnetration 
of about 20 per cent over the standard projectile is 

I n  addition, a sabot may make possible the use of 
a lighter gun for firing a given projectile a t  a given 
vclocity. This advantagc ~vould ol coursebecspecially 
important for aircralt armanlent or for airborne 
equipment." complcx c a l c ~ l a t i o n ~ ~ ~ ~ ~ "  involving 
bullistjcs, strengths oi materirtla, and carriage weight, 
among other factors, would he required for its evalu- 
ation for any particular use. 

obtainable, provided that shatter (Section 9.2) does EFFECT ON EROSLON 
not decrease its effectiveness. 

As is pointcd out in Section 9.2, the properties of 
good tungsten carbide are such that it is superior to  
steel for armor penetration, especially a t  hyperve- 
locities. Thc optimum size core depcnds on a multi- 
tude of factors, such as the best length of core relative 
to the diameter, the weight of the sabot, the twist of 
rifling of the gun, and the range a t  which the maxi- 
mum amount of armor pcnetration is desired.l4 Somc 
of these factors are discussed in Section 33.2.4 

So far there have not been enough sabot-projec- 
tiles tested to determine the rate of erosion of a gun 
firing such ammunition; but analysis4%f its ballistics 
indicates that the erosion might be less than that of 
a gun firing conventional ammunition. Another pos- 
sibility is that of shooting fin-stabilized projectilcs 
from a smooth borc gun (Section 29.2.2). The latter 
feature might simplify construction of the gun and 
decrease the erosion. 

There are several other.uses of sabot-projectiles 
which, have been considered by Division 1 in a pre- 
liminary fashion. One of these is to eff'ect an increase 
in the maximum range of the projcctile over that of 
the standard projectj.le for a given gun.42 Thus it  has 
bcen computed that shooting a 10-in.. projectile from 
a 16-in. gun would increase the range ol this gun a t  
least 12,000 yd, thftt is, frorn 49,000 to (i1,000 yd. 

Another advs.ntage is thc possibility of shortening 
tillles of flight of medium-cali,ber projectiles at I.ong 
ranges. By the use of fin stal~iliaation it  has been 
computed that times of flight at ranges of the order of 
30,000 yd could be reduced by 30 to 40 per cen.t. 
Alt,hough the projectile proposed would probably be 
effective for dircct hi.ts, there might be no advantage 
in shells with proximity or time fuzes t)ccause of the 
reduced high explosive ~harge.4~ In this connection 
see Section 33.2.3. 

There are of course disadvantages to a sabot-pro- 
jectilc. The principal one is the danger to  friendly 
troops. If a sabot is a centrifugsltype (Section29.2.3), 
the parts fly of3 in a cone with an apex angle deter- 
mined in large part by the twist of rifling. It is approx- 
imately 14 degrees for a twist of 1 :25. Although their 
ra.ngc is short, there is still a distinct possibility that 
the fragments will hit friendly troops. The danger 
from the axial type (Section 29.2.3) is less since all 
parats travcl in a linc parallel to the trajectory, but, on 
hitting the ground ricochcts at any angle are possible. 
However, for use in tanlcs and airplanes (especi,ally 
jet,-propelled ones) these ot)jcctions might be minor. 

d This objective was achieved to a limited extent in the de- 
sign of a s ~ h o t  for firing the 57-mm M86, from the 
105-mm howitzer M3, 3,s described in Section 29.3.5. The 
57-mm gun, MI, mount.ed on :I field c:~rrisge weighs 2,700 Ib, 
wheress the 1.05-mm howitzer, M3, on its mount weighs only 
2,495 lb. 
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In co~nparison with a skirted projecttile fired from 
a tapered bore gun, it is brought out in Section 33.2 
that a sabot,-projectile has the disadvantage of losing 
some of its energy in the discarded sabot parts. This 
disadvantage is counterbalanced by the fact that, a 
sabot-projectile can be fired from a standard gun 
interchangeably with regular ammunition. Hence 
each typc of subcalibcr projcctile is likely to h:we its 
own field of usefulness in the futurc. 

m2 DESIGN OF SABOT-PRO JECTILES 

General Requirements 

h number of patcntsm2 on sabots for subcaliber 
projectiles have been granted. Although detailed 
specifications are in general lacking, the representa- 
tive project,iles illust,r.ated in Figure 2 indicat,e a com- 
plete disregard for the principles of interior and ex- 
terior ballistics.42 

The sabot itself must be so designed that (1) i t  
is light in weight ; (2) it is strong enough to accelerate 
the projectile without breaking up in the bore, even 
when fired from a worn gun ; (3) it is gas tight ; (4) it 
communicates sufficien.t anbwlar momentum to the 
projectile to give it full spin ; (5) it is disengaged from 
the subculiber projectile wit11 negligible influence on 
the trajectory; (6) it holds the projectile firmly, for 

A complete sabot-projectile must combine a sub- convenience in handling the ammunition; and (7) i t  
caliber projectile suited to its purpose (either armor can be manufactured easily and at u reasonable cost. 
penetration or high-esplosive use) with a sabot that 

29.2.2 
A-. Stability of Sabot-Projectiles14,4* 

The theory of the stabilit,~ of subcaliber projectiles 
in general is presented in Section 8.3. As pointed out 
there, i t  is desirable that the stability factor be at 
least 1.5 in order to allow for variations in atmos- 

RIVET 
pheric conditions and to provide adequate damping 

A of the yam. If a gun is to be designed for shooting a 
particular projectile by means of a sabot, the twist of pJ rifling can be adjusted so as to give the necessary 
stability; but if a sabot-projectile is to be shot from 
an existing gun, the stability requirements imposed 
by the twist of rifling restrict the diameter and design 

-- - of the subcaliber projectile. 
SABOT Figure 3 shows the relationship between thc dia- 

D meter of the subcaliber projectile and the twist of 
c rifling of the gun when the stability factor of the pro- 

FIGURE 2. Early sabot-projectiles. (This figurc has ap- 
pcared as Figure 1 of TDHC R.cport No. A-234.) 

will make it possible to fire the subcaliber projectile ,, 
10 20 30 40 

from the gun as effectively as possible. One important, 
TWIST OF RIFLING OF GUN CALIBERS PER TURN 

feature is stability (discussed in the nest section)? tl-re 
neglect of mkic.h seems to have heen for F~CUHE 3. Relalionship hct'ween the diameter of a 

subcaliber projectile and t>he twist of rifling of a gun for 
t,he lack of success ~i-it11 the previous rtttenlpts to a fa,:,,ol. of 1.5. ~h~ design bhe projectile is 
develop sabot-projectiles. similar t,d t,hat of a standard a r m ~ r - ~ i c r c i n ~  one. 



jcctile is 1.5 and its design is similar to that of a stancl- 
ard armor-piercing pr~ject~ile. This f i g~rc  is based on 
the 5'7-111m APC projectile, M8(i, and cvould he cor- 
rect only if the various sizes of s~rbcaliber projectiles 
were exactly scaled models of this part,icular projec- 
tile and if the velocities were all 2,800 fps. Jf another 
such graph were based on an armor-piercing projectile 
of similar design, or if account were taken of the higher 
velocit,ies obtainable with the subcdibcr projectiles, 
the dift'erences \vould be relatively minor. 

If the subcaliber projectile is made of a much denser 
material, such as tungsten carbide, but is otherwise 
similar to standard armor-piercing projectiles, a 
mnch greater reduction of diameter is possible than 
with a steel subcaliber projectile. In practice, the 
subcaliber projectiles wing tungsten carbide have 
had steel slleaths around a tungsten cn.rbide core. 
(For example, see Figure 8). Thus it, has proved prac- 
ticable to obtain only a part of this advantage with 
rcspect to stability. 

IS a standard-shaped projectile of a particular di- 
ameter ~vould be unstablr: when fired from a given 
gun by means of a sabot, i t  may possibly bc made 
stal-)le in this use by changing its center of gravity. 
This change can be eftected by cbanging the shape of 
the windshield, by shortening the body of the pro- 
jectile, or (in the case of tungsten carbide cored pro- 
jectiles) by moving the core forward. IIo\vcver, the 
first two solutions result in greater rctardat,ii)n ~vhile 
the last is restricted by the geometry. 

Another possible way of incrertsing thc stability of 
such a combinatlion is the use of fins canted parallel 
to ttie rifling of the gun. This me1;hod would be espe- 
cially t~pplicablc in a sabot-projectile since there 
\vould be room in the sabot for the fins. In a few pre- 
liminary tests by Division I trouble was encountered 
in holding the fins on the projectile and so the results 
were inconclu~ive.~~ The Germans tried finned sabot- 
 projectile^"^^^^,^^:! during World War 11, but their 
eff'ectiveness has not yet been evaluated. 

Designs of subcaliber projectiles suit,able to be fit- 
ted\vith sabots an.dfiredfrom 76-mm and90-mm guns 
with a twist of 1 :32 \\-ere prepared at  the Ballistic 
Research Laboratory, Aberdeen Proving G r ~ u n d . ~ " ~  

Types 0.1 Sabot Kelease 

Disengagement of the sabot from t,he subcaliber 
projectile requires the application of a diflerential 
force at  ambout the time the project,ile letlvves the muz- 
zle of the gun. Three different types of force have 

been used : the centrifugal force of the rotsting sabot 
itself, the propulsion of high-pressure gas in a cavity 
at  the base of the projectile, and the resistance of thc 
atmosphere acting on the sabot. Two essentials arc 
that the applied force not disturb the flight of the 
projectile to suc,h an extent that its accuracy is im- 
paired and that the disengagement always takcs place 
sufficiently close to the same point in the trajcctorv 
that, the range of thc projectile is not affected. If the 
gun is fitted with a muzzle brake, an added require- 
ment is that the disengagement occur in such a msn- 
ner that there is no interference with the brake. In 
practice this meant that it be dclayed until after the 
sabot-pro,ject,ile had cleared thc brake, for the IJ. S. 
Ordnance Dcpartment was unwilling to increase the 
clearance between the projectile and t,he baffles in tfhe 
brake (which ~vould decressc the efficiency), as mas 
done by the Br i t , i~h .~~4  

A theoretical analysis of types of sabot release rtt 
the beginning of Division 1's interest in the subject 
led to the c o n c l ~ s i o n ~ ~  that the use of centrifugal 
force to disengage the sabot I V ~ S  preferable. I t  was 
considered that it was less likely to cause perturba- 
tion of the trajectory because it could be applied 
s;ymmet,ricstlly in n radia,l c-lirection, whereas the other 
t,v-o forces, applied along the axis of the projectile, 
mould exaggerate any yaw- that happened to be pres- 
ent when separation occurred. Firings with 20-rnm 
projectiles confirmed this hypothesis but lster ex- 
perience with larger caliber ones sbowed that satis- 
factory accuracy could be achi.eved with axial release 
under ccrtadn conditions, as described kelo~v. 

The sabots that were released centrifugally were 
madc of two principal parts : the sabot body and the 
base. Tt happened that the early models made both 
by t,he Geophysical Laboratory4'- ancl by the Univer- 
sity of New- had plastic bodies and metal 
bases. The plastic body, which was usually just LL 

sleeve that fitted tiglltly over the subcaliber projec- 
tile, TVLLS weakened by longitudinal slots, in order that 
it would break apart after. the projectilc left the gun. 
In  the 20-m~n size (Section 29.3.1) the base was s 
solid nural  plate t o  which the body wus threaded, 
whereas in the 75-mm sabots (Section 29.3.2) and the 
105-mm sabots (Section 29.3.5) the base was a sttee] 
ring screwed on the rea,r end of the subcaliber pro- 
jectile and it had radial slots so that it too tvss broken 
into several pieces t)y centrifugal forcc. 
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When it u-a>s found desirablc to suhstitutc light- 
alloy for plastic in the body of the 75-rnm and 105-rnm 
sabots (sec Section 29.2.4), the body was made in 
four segrlierlts that were hcld together by a steel ring 
a t  thc forward end, termed $1, bourrelet band. This 
ring T\-aa of such strength that it \zras brokcn by cen- 
trifrlgal force, tlnd thus t,he segments of the body 11-ere 
released. 

A serious difficulty with the simple type of centrif- 
11ga1 release just described was that the sahot bogan 
tu disiuteg~.;~te as soon as it emerged frorn the muzzle, 
and hencr ~ o u l d  interfere \\-it,h a ~nnzzle brake. In an 
effort to prevent this n c t i o ~ ~  \\-it11 an all-nletrtl sabot 
for the 76-mm gun, n-hich uscd :L rnnzzle bralic, sev- 
eral types of delayed centrif'ngal release were tried. 
In  tlhc simplest, the ~cgment~s of the sabot body \\ere 
held in p1:ice by a ring at the rear that was just strong 
enough to espand slot\-ly by ~ent~rifugal action alt,er 
it had c1e:lrecl the muzzlc hrnke, until finally it broke 
and relcasecl t,he segments. A p~~eferable arrangement, 
~ ~ h i c h  \V:IS adophd for the TCi-xnm sabot-projectile 
Model 3-;GET1 described in Section 29.3.3, is de- 
scribed in the paragraph "Combined Axial and C:en- 
trifugal Relcsse." 

A sabot, may be blo\\-n off the subcaliber projectile 
1)y mean.< of cornpressed gas confincd in a space be- 
tween the sea,r I'at:e of the projectilc nnd t'hc base ol 
the sahot. I11 some espcriments1"~l"9his gas was 
some ol' the proptllallt, gas itself, 117hich entercd the 
space th ro~~gh  a srrlall hole 11-hile the g:tu pressure \\-as 
ne:tr i,ts nzasimm~l value ; ancl in other esperiments4' 
it was ol~t~ai l l~d 13y t,hc esplosion of ,z small charge of 
black pcn~-der plr~ced in the space and ignited by the 
powder gases. Nr:it,her of these rnct,hods was tried 
estensil-cry. I-)ecausc the preliminary trials were un- 
promising: thc pl.o,iectiles having becnve1.y inat:cumte. 
Inasalnc*h us thc: first trials of a,xial release sal-lots 
lxacie at vhout thc s:Lme t,ime gave equally unsatis- 
facttory r(~lilt,s, 1v1iert:as later efforts n-cre successful, 
this methud n-ould secln to deserve fuithcr consider- 
ation. Tt n-\-as used successfully in co~nbination with 
t,he rnrthocl of :tsial releasc in a sabot designed in 
Canada for both the British 6-pou~idcr"~ arid 1.7- 
pounder gnns.'oo 

In tlie method of releasr just described the sabot 

separates from the suboalibcl. projectile by movcment 
along their .common axis, but the term axial release 
has been reserved for thc type of release that lnake,s 
use of air resistance to separate them. I n  orcler to 
make this type of release practical there must be some 
provision for locking the txvo parts togetzhcr to prevent 
separation both during handling prior to firing and 
also during passage down the bore of the gun. 

One typc of lock consitsted of a serics of shear pins 
 ste ending through the sabot body into the subcaliber 
projectile, so designed that they brokc under set- 
hack.'" A more satisfactory  neth hod ol locking tbe 
sabot to the su1)o:lliber projectile was to have a tr~tcer. 
pocket on the latter extend throug11 the center of the 
steel base plat<e of ttlle sahot and t,hen to attach some 
sort; of retaining ring to this projection. First tried on 
a 105-rnm s:~bot-projectile,"~his locking mcans was 
later applied to other sizes and types. 

01 the different retaining rings tried, tthe most 
satisfactor.c+ \\.:is a split steel ring designed to open 
under the influence of centrifugal force. This type of 
retaining device \\-as used for both the 76-mm sabot- 
pro.ject;ilcs of Design 3-7GJ (Section 29.3.3) ancl the 
"dcep-cup" YO-rnm sabot-projectile (Section 29.3.4). 
Thus, nltho~lgh the final separation of such a sabot, 
from its subcaliber projectile is caused by differential 
:lir resistance, the unlocking is ~cnt~rifugal. 

Earlier experiments ni th deep-cup sabots for 20-mm 
 projectile^"^ and for 57-mm ones4'$1"0 mere unsuccess- 
ful, becausr: d large yaw after separation, whereas 
cup-type sabots developed for a 90-mrn gun (Section 
29.3.4) separated srrccessl.'ullj~. The reason for this 
ciiffesence in bchavior is not clear from t,he recorcl. 

I11 onc t>ype of 76-mm sabot-projectile intendccl to 
be fired t,hrough a muaalc bmkc, separation occurred 
in two st,ages.lW First, axial drag ca.uscd the base 
plate of the sabot to move rcarn-ard with respect to 
the sabot, bo(ly, \\-llich \\.as made of segments of light 
alloy. These seg~ncnts n-cre held a t  their forward ends 
under a bourrelet ba.11~1 of steel, 1%-hicl1 mas strong 
enough to  resist the centrifngd thrust until, 1;he rear 
ends of the segments n;ere released. Thcn the added. 
thrust that occurred when the rear ends were moved 
out\\-ard by centxifugal force h o k e  the bourrelet 
band. 

With this design also thc initial loclring of the sabot 
Lo the subcaliber projectile \\-as vcry important. As is 
brought out in Sect8ion 29.3.3,TG-mrn projectiles made 
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according to University of New Mexico designs per- 
formed satisfactorily when fired a t  Aberdeen Proving 
Gro~nd,~~%hereas  another group made by the Rcm- 
ington Arms Company and also fired a t  A b ~ r d e e n ~ ~ ~  
failed, in some cases by breaking up in the bore. The 
only difference in the design of the two lots was the 
substitution of a gartcr spring of closely coiled piano 
wire for a split steel ring threaded to  t,hc extcrior of 
the traccr pocket. The spring, which was a less secure 
type of locking arrangement, apparcntly permitted 
separation of the parts a t  the time of loading or the 
start of travel, with consequent break-up of the pro- 
jectile in the bore. This cause of failure was not rec- 
ognized at  the time,la3 because of other doubtful 
factors that subsequently were better understood.lM 

29.2.4 Materials for Sabot Construction . 

All the successful designs of medium-caliber pro- 
jectiles (See Section 29.3) have used steel bases for 
the sabots. In  addition steel was used for the entire 
sabot of the cup-type dcvelopcd for the 90-mrn gun, 
as described in Section 29.3.4. This sabot-projectile 
has a very low ratio of weight of subcaliber projectile 
t o  that of the entire projectile (see Table 1, p. 567). It 
would seem, therefore, that an extensive re-evduation 
of design factors is necessary before i t  can bc certain 
that an all-stecl sabot can be made as light as those of 
other materials. 

materials having sufficient strength to be used for 
sabots. Sabot bodies made of this kind of plastic havc 
given satisfactory performance when fired soon enough 
after manufact,rlre so that no dimensional change of 
th6 plastic took p l a ~ e . ~ l - ~ ~  After exposure to  a humid 
atmosphere, however, the plastics used for 75-mm 
and 105-mm sabot-projertiles s~vellcd to such an cx- 
tent that the rounds could not bc fired.lnO 

Tests were made st the Geophysical Laboratory 
of a number of phenol-formaldehyde plastics with 
fiber or paper filling preparatory to using them for 
some 20-rnm sabots. Exposure for 3 months to  ex- 
tremes of humidity (1% and 90%) at a temperature 
of 104 F caused lincar dimensional changes of about 
+ 0.3 per cent. For a 90-mm sabot this would corrc- 
spond to a change in diameter of f 0.01 in., which is 
larger than the tolerancc permitted. The sliding 
bourrelat, mentioned in Section 29.3.1 might be s 

Both Dural (aluminum alloy) and Dowmetal (mag- 

means of allowing for such a change in diameter. 
Experimental all-plastic suljots of various designs 

were fired from both a 57-mm and a 75-mm gun. 
Most of them were machined and threaded on the 
subcaliber projectile, but a few of them were molded 
directly on it. Thc results were crratic, only ti few 
rounds having shown satisfactory A critical 
examination of the work has led to tjhe conclusion 
that "it appears improbable that these [laminated] 
plastics are strong enough to  be used in all-plastic 
sabots for spin-stabilizcd projcctiles t o  be fired from 
present day guns."loO 

nesiurn alloy) have been used successfully for the 
body of a sebot-projectile in the 76-mm size.'" Dural 
was also used for the base of the sabot for 20-mm 
 projectile^.^^ 

These alloys are easily eroded by hot powder gases, 
and therefore i t  is essential that streaming of the 
powder gases over them be prevented by proper ob- 
turation. Furthermore, these alloys are not strong 
and hard enough to  resist engraving at  the bourrelet. 
To  prevent it, sabots of these alloys need to have 

Obturation 

The experience gained during the development of 
a sabot-projectile for the 90-mm gun, MIA2 (Section 
29.3.4) confirmed the earlier experience of the British 
in the development of a sabot for the 6-pounder gun394 
that cffectivc obturation is very important in pro- 
moting the best accuracy. If parts of the sabot are 
made of Dural or Dowmetal, obturation is dso  essen- 
tial to  prevent gas-tvashing of those parts with con- 
sequent failure of the projectile in the bore. 

steel bourrelet bands, such as used with the 76-rnm 
projecttiles (Section 29.3.3).*0° 29.s SABOT-PROJECTILES DEVELOPED 

BY DIVISION 1. 
29.S.l PLASTICS Sabot-Projectiles for 20-mm Gu.n 

An examination of the properties of materials of The find design of sabot-projectilc developed by 
construction led to the conclusion5~n 1943 that or- the Geophysical L a b ~ r a t o r y ~ ~ i n  tests with the 20-mm 
ganic thermosetting plastics were the only nonmetallic 1-Tispano-Suiza gun was of thc centrifugal relcase type 
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(Section 29.2.3). Thc plastic body, which was a close 
fit on th(-? (:ore, was screwed to the Dural base. Type 
CW6, sho\~?n in Figure 4, had an 11-mm subcalibcr 
projectile of heavy dlov (to sirnulate tungsten car- 
bide). 11-1 snot,her typc the subcaliber projectile was 
st,ecl. h special ie~tture of these projectfiles t,lx 
sliding bournelet, 11-1Gch \\as found to be e~sent~ial for 
accuracy. In  the early models it had been on the out- 
side, but the :~,rrang;ernerlt shown in Figure 4 llas the 
aclvantilge that it avoids having an exterior groove in 
which dirt, might collect,. Handmade projectiles of 

gun filing them. 11: \\-a,s conclr~ded t,hat, the pool. effi- 
cicncy in armor penetration -that, was observed was 
due to slippagc bet11-ec11 the subcaliber projectile and 
the base. Furthermore, as nlentionctl in Sect,ion 29.2.4, 
considera.ble variation in di~nensions \\-as ohservcd 
\!-hen various plastics (intencled for tlie sabot body) 
\\-ere exposed to dillei'ent conditions ol I - lumic l i t~~.~~~ 
r lllereupon , this projrt:t was abandoned. 

MACHINABLE ALLOY 
SPECIFIC GRAVITY, 14.5 1 

OURALUMIN SLIDING. BOURRELET- 1 
these designs performed reasonably \\-ell when fired 
single shot. A m~~zxlevelocity of 4,130 Ips \\-:is attained 
v-it,h the tungsten carbide core. The dispersion of the 
best rou~lds was nbout 40 per cent greater than that, 
of stt~i1dar.d a,mmunition fired from the same gun. 

Tlir. original objective of t,his program had been to 
work out a sat,isfactor~- s:tbot inechanis~n in thc 20-mm 
size ancl the11 to adapt it to larger ca1ibt:r guns for use 
against t,anlrs. Accordingly, t,llis design \\-as.adsptec1 
t,o B sabot with \rhich to  fire t,he ST-mrn XPC projcc- 
tile, M86, Srom a 3-inch gun. These sabot-pr.ojectilesiles 
\\-ere used in lirings :~,t Xberdeen Proving Cirouncl to 
t,est the armor penetxation of the RISG projectile at  
high velocities,235,."42 after prcliminaq7 firings?06,232.233 

had den~onstra~ted the feasibility of t,his plan. Another 
adaptation of the 20-rnm design \\,as usecl for the first, 
design of a 105-mm sabot,-projectile wit)h s 75-mm 
subcaliber projectile." Prtrtially satisfactory results 
\\-ere obtained in preliminary filings2" at  Abcrdeen 
Proving Gi.ound. 

,in attempt was made to develop a design of 20-nim 
st~bot-projectile that could be inanufactwed Ly mass 
production mcthods, lor possible use in the 20-inn1 
Hispano-Suiza gun. The subcaliber projectile was the 
15-mm steel core for the caliber .GO arllmunition then 
under development by Frankford Arst:nal. For the 
sakc d simplifying the manuf:~ct,ure of the plastic 
sabot body 110 sliding bowrelet was used. I t  \\.as not 
possible to tnold the plastic botly 11-ith a small cnough 
tolerance, &lid difficulty was experienced in fitting the 
Dural bases to the sabot bodies. Nevertlielcss a srnall 
lot of these projectiles (Model C5b) were prepared 
for preliminary firing tests at  Aljerdeen Proving 
Ground t,o determine the csterior b a l l i s t i ~ s ~ ( ' ~ - ' ~ ~  of 
these projectmiles and the interior 11allistics""4f t,he 

These projectiles wc~.c supplied by the Gcophyaicsl Lnb- 
orstory. Becnusc better facilities for an extensive dcvclopnlent, 
existcd a t  the Univcl.sity of Ncw I\lexico, the 105-mm project 
\\-:is rontuiued there, nit11 the results clrsrribcd i n  Sect,iolt 
29.3.3. 

COP'PER PLASTIC ABOT BOOY 

F I J I  4. 20-mm sabot-pl*ojeclilr, Ylndcl CJWB, with 
sliding ~>last,lc bourrclct :ind cle~lsc c:)re, employing ccn- 
trifugiil relcnsc. (This f i ~ u ~ r .  1>:+~ appc.arl:d as part 01 l?ig- 
ure 9 in NI:)BC: R.cpurt Ko. 1-233.) 

29.9.2 Sabol-Projectiles for 

75-mrn Gun and Howitzer 

The saljot-projectiles for the '75-inm tank gun, M3, 
also \\.ere of the centrifugal-releast: type (Sec:t,ion 
2923)  with a plastic body that was a prcss-fit 011 the 
subcaliber projectile. The base of the sitbot was a 
stcel ring screwed t,o the base of thc subcalil,c-:r pro- 
jectile. These projectiles were developed by tlic Uni- 
versity of New M~llesico~"~~ I'ollo~ving preliminary 
espcrimenLs with sabot-projectiles fired from a Navy 
(j-pountler gun (caliber: 57 mm). 

The core of Model 28-75D, shorn-n in Figure 5, was 
a slightly modified 57-mrn 9 P C  projectile, M86, 
weighing 7 lb. lot of these projectiles was fired at  
Aberdcen ~ r o v i n b  G r o u ~ l d ' ~ ~  a t  a muzzle velocity of 
about 2,800 fps compared with 2,030 Ips for the s tw-  
darcl 75-mm APC projectile, 3161. Although, thc ac- 
curacy and other featurcs of performmce were satis- 
factory, the using Servict-!s decided that at  tluit tirnc 
(just af t,er the 3 onxandy invasion) t,here \\.as no 
tactical use for tllis projectile for the 75-mrn gun, 
especially in view of the expectation that tanks ~vonld 
soon be equipped with 76-mm guns having a muzzle 
velocity of ahout 2,600 fps for a 15-lb pro jec t i l~ . '~~  
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PIGT~RE 8. 90-mni all-stcel sabot-projcci,ile, Model 00-56-R13, m-it,h tungsl;en carbide corc, enlplu~ing asial relcasc 
(This drawing has appeared i r ~  KDR.C Report, KO. A-461,.) 

clition t o  which there are many useful details in t,he 
original reports cited.. 

The characteristics of the final designs of sabot- 
projectiles of clifferent sizes, which have been dis- 
cussed in Sectlion 29.3, are given in Table I. The best 
accuracy was achieved with the 90-mm onc. Kone of 
t,hesc projectiles '\\-as conutructcd and fired in suffici- 
ently la,rgc cguantities to determine how se~ious 11-ould 
I.)e the ~~s,l.iation in performance cal~sed by variat,ions 

in the dimc?nsions of the projectiles from large-scale 
production. One of thc cliisf purposes of the pilot- 
plant operations phnncd for the 90-mnm sabot-pro- 
jectiles \\-as to make avnilftlnle 3, quantity of projectiles 
for such tests. This phase of the 11-ork was not carriccl 
out because of the dcm6bilixal;ion of OSRI). 

Each of the projectile designs listed in Table 1 has 
one or more features that is ~vorth fllrther study. Thus 
the delrtyed aentrifilgal release nleclianisrn of tjhe 

'I'ABLE 1 .  Chal.acCeristirs of final designs of sabot-projectiles developed by Division I, contlactors. 

Caliber ( 1 ~ 1 )  20 75 76 90 10.5 105 
Srrbcaliher diam. (mm) 1.5 57 53.9 .55.9 57 76 
Cort: diametcr (mm) 15 57 (MSG) 38.1 45.0 57 (3I86) 76 (M42A.1) 
Core material* S S WC WC S S 
Projectile model C5b 28-75Ll 3-76EII YO-56-IZ13 2-1OSR 3-105B 
Gun model >I 1 A2 RI3t >I 1 h2 hl1AZ How, hI3 HOW, MY 
Typc of release1 C C: A-C A C C 
\\'eight of subaal. (113) 0.147 7.00 5.77 8.06 7.207 12.7 
Total weight (lb) 0.207 8.38 7.97 1.2.50 13.1 15.6 
\TTeight ratio 0.71 0.84 0.72 0.84 0.66 0.81 
3Iuzzle velocity (fps) 3,310 2,800 3,650 3,880 2,660 1,980 
1IV stand. proj. (1'1)s) 2,615 2,030 2,600 2,650 1,020 1,020 
\I-t. stand. pmj. (Ibj 0.36 14.06 15.44 24.11 33.00 33.00 
Chamber pr. $ (psi) 48,000 36,000 43,000 38,000 30,000 30,000 
'I'wisl; of rifling 1 :25.58 1 :25.58 1 :32 1 :32 1 :20 1 :20 
Xumbcr ~.ounds fired ca. 50 69 S 5 1.0 10 
Bil,liograpliic ref. 207 41,100 100,223 1.33 100, 224 100,224 
.- - - - 

* S -; iitecl: W-C 1= tull~sterl  carbide. 
t This projectilr ITas oko tired [rum t h e  75-mm puck holvitzcr. 
: C = c r ~ l t r i f u ~ u l  rclonse; ;i = nrial relrnse; -4-C = axial arid delnyetl cantrilugal reluitue. 
1 R:itcd rnnuiml~rn presabrc for tllc pun. 
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76-rnm psojectilc, if used in conjunction with a good 
obturator (such as was used later in the 90-mrn pro- 
jectile) and adequate means to  hold the parts to- 
gether, might be very efiective for projectiles that 
need t o  pass through a muzzle brake. For projectiles 
that do not nced to  pass through a muxzle brake, the 
simple Design 28-75D with light alloy substituted for 
plastic in thc sabot body should be satisfactory, es- 
pecially if an obturator is added. 

If a t  sornc time in the future a plastic is devclopcd 
that has greatcr dimensional stability thnn those 

tried, i t  would be worth while t o  reopen the question 
of the use of plastics in sabots. Perhaps the sliding 
bo~~rrelet  of the 20-rnm projectile addcd to Design 
28-75D would increase the accuracy of this typc. 

Becttrise the energy imparted to  the discarded parts 
of a sabot-projectilc js wasted, it is desirable t o  keep 
the weight of the sabot t o  a minimum. By making 
use of the total experience with sabot-projectiles that 
is now available, it should be possible t o  dcvelop 
designs by which this can be accomplishcd without 
sacrificing reliability of performance. 



Chapter 30 

TAPERED-BORE GUNS AND SKIRTED PROJECTILES~S'~ 
By .Edwin L. Kose" 

T HE TAPERED-BOKE GUN, firing a skirted projectile, 
offers oni: of several means for the attainment of 

hypervelocity without exceeding currently existing 
limits on powder-gas pressures and temperatures. It 
produces t,his hypervclocity by driving a projectile of 
reduced mass with thc saine force as that a.pplied bv 
the powder gas to  the base of a standard Q-cight pro- 
jectile. Tn common with the standard-bore gun firing 
a sabot-projcctile (Chapter 29) this combination offers 
a marked advantage over the standard gun firing a 
light~vcight projectile of equal wnight but of stand- 
tlrd caliber, since thc retardat,ion in flight of thc spe- 
cial projectiles is less by n factor which is roughly the 
square of the ratio of tllc diameters. The combinatioll 
of tapered-hore gun and skirted projectile possesses 
an appreciable advantage over the sabot arrange- 
ment in that all the parts are attached to  tfhe projec- 
tile so that the entire muzzle momentum is av&ilable 
for overcoming air resistance. The importance of 
these advantages is shown striliinglg in Sectior~ 33.2 
where the relative pcrforrnances of different types of 
hypervelocity guns, in various types of service, is 
analyzed in some detail. 

In the light of the recently devt:loped facts, it 
appears that, the use of tapered-boregunsisnotlnercly - - 
an expedient for the attainment of hypervelocity 
with standard pressures, but t,hat rcgardlcss of future 
improveme~lts in the vt:locity of projcctiles of stand- 
ard cdibcr imporLu??,t gui-ns 'will always be attrr;in,uble 

The term "skirted" is uscd here in lieu of "deforn1:ible" to 
avoid confusion with thc prior use of the tern1 in connection 
with terminal ballist,ics to designate soft or plsstic projectiles 
as distinglisherl Irom rigid, nonplustic, or hard projectiles. 

b The tapered-bore gun described in this chaptcr 11-as devel- 
oped for Division I, h'DB.C, by the Joncsand Lanlson 1l:tchine 
Cornpally ~lnder Contract Oli:A/Isr467. Thc development of the 
skirted projcctiles for this gurl was first undertaker1 by the 
Bryant Chlicking Grinder Conlpsny under Contlact 0E;Slsr- 
534, r-~rkci was later corttinucd by the Jones and Lamson Ma- 
chine Company. This chapter is based on the combined final 
report128 under thosc two contracts. The history of the develop- 
nlent of tapered-bore guns had been covered in a n  earlier 
report.2 

hlernher, Division 1. (Present adbcs~: Consulting Engi- 
neer, Jones and Lnmson Machine Company, and Bryant 
Chucking Grinrlcr Company, Springficld, Vt.) 

porn, the addilion of the tapel-ecl bore ;feulu,r.e. This ob- 
servation is in direct opposition t,o military consensus. 
I t  therefore requires crit.ica1 consider~~tion in order to 
check its validity and to make sure that an oppor- 
tunity for a substantial improvement in the egective- 
ness of \ve%pons is not, overlooked until too l:+te. 

The tlevelopment of a .57!40-mm tapered-bore gun 
and skirted projectile was originally undertaken by 
Division 1, NDRC, for the purpose of making avail- 
nblc to our Armed Forces designs, m:~nufacturing 
equipment,, and methodsd for producing tapered-bore 
guns and arnrn~lnitio~l of the Gchrlich type." Soon 
t~fter the work - 1 ~ ~ s  undertaken i t  appeared that t,he 
produc.t,ion of such guns was unnecessarily tedious 
and espensive in the consumption of man-hours of 
critical l t~l~or.  I t  1 ~ 3 s  thougl~t that if suitalde projec- 
tiles dcsigned to ~vithstantnd t,he shock of extremely 
rapid clefonnation could bc devised, the Janacek type 
of gun, which uses a standard tube with a short ta- 
pered adaptor attached to the nluzzle, \voulld be much 
more practical. In addition to sinll>lifying the pmb- 
lem of manufacture its use \vould open the way to 
conversion of existing guns for the firing of sliirtecl 
proje~t~iles. 

Tests on a numbcr of tubes both rifled and unrifled, 
with tapers d different lengths, sho~ved that i t  mas 
practicable to drive a suitably designed projectile 
through an 8-in. long taper and thereby reduce the 
diameter of the fins from 57 nun to 40 m u  nt a veloc- 
ity in excess of 5,000 fps. I t  was further Sound that 
with this short taper t,hc rifling could be limited to 
thc standard bore section without apprct:iable loss of 

- - 

A suggestion"*M of a nlethod for rifling tapered bol.cs, con- 
sidered in the early studies of this project, came from V. 
Bush. 

e Earlier, the Division had sponsored some \vork a t  thc 
Sat,ionnl Bureau of Standards on a metbocl of static testing 
skirted projectiles.,' Tltose tcsts had led Lo the design of a 
series of 37/28-nlm skirted projectiles of a so-called hour-glass 
shape, lvhich \\-ere fired a t  Aberdeen Proving Ground Crom a 
37-mnl gu11, 313, t,o ~rhich a Littlejohn adaptor of the Uritish 
design426 had been added. Those firings were made hy the 
Army Ordnance nepart~nent ss part of its own programa8 on 
the devdoplnent of l~ypervclocity projectiles for firing fro111 
cxisting giins. The results217~~18~219~227~228~m@-e30 were c(lmlnl~r)i- 
cated to  the Jones and Larr~son and Bryant companies and 
were usefill in the early planning of the 57/40-mm project. 
(Editor's note.) 
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T\/" MUZZLE ADAPTORS NO.9 AND 12 
SECTION A O B  

. I3 (BELOW) 

MUZZLE ADAPTOR N0.13 

.FIc;[JRT~: 2. bluzzle arlap1ot.s for 57/-iO-mm l,apercd-bore gurl. (This figure has appcared as Figure 12 in KDRC lieport 
So. A-456.) 

fc:~turcs of tthis design :we the means of ~~ttacllment, 
the t,ap(;red tra~isition f om init,i:ll to  emergent cali- 
bcr, tthe straight minor-oaliber muzzle section, 2nd 
thc vent holes at  the base of the taper. The vent holes 
eerve to suppress the po\vdcr-gas stlock x-ave ~ h i c h  
tends to form \\-hen the p~*oicotile enters l;he t,aper., 
ancl \vl-)lich, if unw~ppl.essccl, causcs destruction of the 
cart,ridge case. 

The ttaper acts as :I ,qclucc:zing die, reducing t,he 
riia~net~er of the projcr:t,ile to it,s ernt:rgent size as it, 
travels through t,his section. The straight section 
serves t,o set the final dimension of the pl*ojectile, to 
cent,er its geometrical ancl spin axes, ancl to keep down 
tl1c yaw at  t>he instant the projectilc leaves the gun. 

The attarhment set:tion is provided with a thread - 
for securing the :idaptor to thc gun and wit11 bearing 
surfaccs to center itts axis with the axis of thc gun. 
There are also a seal ssurface and vent holes t o  keep 
t,he powder pressurc from clcveloping its full value in 
the c,laarnnce space bet\\-een the end lace of the gun 
tube and the base of tho adaptor, therel~y reducing 
the necc:ss:Lr-y strength of the sccuring thread. The 
securing tbread is rt left-hancl tfhrcsd. It is necessary 
only to scren- the adaptor on by hand sincc the spin 
fiction tightens it-. St~rprisingly, the adaptor can 

generally be removcd 13y hand af1;r:r firing numerous 
shots. 

The 57/'40-mm skirted projectile- -is a tungsten 
carbide-cored, arnlo~t-picrcing projectilc, consisting ol 
six parts. It.is provided wit11 a front flangc or skirt to  
center the hont  cud-in t,he bore, and with a rcar skirt 
to servc as an ot,turator, sealing t1i.e bore and trans- 
mitting the p o ~ ~ ~ I c r  forcc to the projectile, and ccn- 
ttering the I,ase of- the projcctile in the bore. 

Figu1.e 3 is a photopral~h of s ci~t,-open asselubled 
projectile, \\-tiile Figure 4 is L L I ~  exploded view of the 
projectile with the various part,s ident,ified. The nose 
point is an alurGnun7 or magnesium part provi.ding a 
sharp point for minimizing t,he shock air wave resis- 
tance, and a body of soft material to  rnirlinlixe thc 
impulse tending to deflect the projcctile at  the in- 
stant of impact against inclined armor. 

The windshield htis a snlooth Ogival-exterior con- 
tour to ket:p down air 1-esistance. I t  is made of steel 
and t~get~her  nith tflle carrier helps to support the 
(.ore against fracture on impact against inclined armor. 

The nose pad is of alaminum. I t  is machined ~vith 
projecting corners v-hcre i t  bears on the nose of the 
core to pcrmit some plastic flov~ when the 11-indshicld 
is screwed tightly against the core. The nosc pucl 
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4. No portion of skirt suffers colllpressive or tensile given by equation ( 5 ) )  - 
deformation parallel to the ncutral axis of its section. 

On the basis of thcse assumptions, higher stress 1 - cos + sin p tan a < 34 (5) vo _E6' 
. values were obtained than would result from any 

which for snlall values of P and a! reduces t,o the ap- 
actual process of deformation. proximate form of equation (6). 

If the skirt is given any initial contour in an axial 
plane, subject to the limitation that at all points the 

+ Sin T~JB tangent to the neutral axis of the section of the skirt <- - 
V" 8 6 .  (6) - 

makes a greater angle with the projectile axis than In tests with 57/40-mm slurtcd projectiles, fired 
does the tangent to the tapered bore, then, when the through tapered tubes of different lengths of taper, it 
slurt engages the taper, it  moves over the surface of was found that, at  a muzzle velocity of 4,500 fps, pro- 
the taper with a sliding velocity, V6. This velocity is 

jectiles be fired wccesgfully through an 
given by equation (I), Pikich tapered from 57 mm t>o 40 mrn in 8 in. of len.gth, 

V ,  = Vo(cos f l  - sin ,O tan a), (1) but that th,e skirts separated in an adaptor with a 
4-in. taper. The half angles of these two cones are 

in w-hich V o  is the velocity of the projectile, a is the respcctively 0.04 radians and 0.08 radians. For the 
angle of intersection of the skirt surface with the bore above velocity, and a skj.rt material having To = 
surface, and B is the bet"-een the ads and Le 1W,o00, 8 = 0.28, E = 30,000,000, the left-hand 
tangent to the taper at  the same point. of expression (6)  becomes c0.13. In the case where a and p are constant, V ,  is con- 
stant from the start of engagement until the base of 
the skirt enters the throat of the taper. V, is always 
less than VO if a is positive. Consequently, when the 
skirt enters the throat its velocity must be abruptly 
increased from V, to Va and a wave of stress supply- 
ing the nccessary change in momentum of the skirt 
starts at the base and moves to~vard the rear of the 
skirt. The propag.at,jon of this wave is complicated by 
the nonuniform transverse sectlion of the skirts and 
by surface friction. However, a 101%-er limit to its mag- 
nitude can be calculated by assuming a udo rm sec- 
tion and neglecting friction. The change of velocity 
AV occurring a t  the throat is given by equation (2). 

AV = v0 - V ,  = Vo(i - cos p $ sin P tan a). (2) 

It can readily be shown that this sudden change of 
velocity is accompanied by a tensile stress wave of 
amplitude T,, expressed by equation (3)) 

- 
E6 

= v ~ J ~ ( ~  - cos 0 + sin 6 tan 4, (3) 

in which E is Young's modulus for the material, 6 its 
density and g the acceleration of gravity. If T O  is the 
tensile strength of the material, the allowable change 
of velocity AVO is given by  equation (4), 

and the critical limits on taper and skirt angles are 

sin /3 
sin B (T + sin cu < ) 

The value of a is not known for these tests. However 
it was small. For cr. = 0 the limiting value of P is 0.1.6 
and for a = p the limiting value is 0.09. When it is 
remembered that fricttion and the work of plastic de- 
formation have been omitted in thi.s computation the 
discrepancy is seen to  be in the sight direction. It is 
possible that a was more of the order of 26, in which 
case the limiting value of P would be 0.07 radian. 
This value is betwecn the 0.04-radian and 0.08-radian 
values ind.icatcd above. 

The tensile stress at  the base of the skirt, result- 
ing from friction and plastic working as the skirt 
enters the throat, is given by equat,ion ('7) 

PtL(sin 6 + 4 cos 0) T = - ---- 
fw r(1 - 4 sin 0) (7) 

in which TI, is the tensile stress in question, P is the 
compressive stress for plastic working, r is the radius 
of the throat, t is the thickness of the skirt, L the 
length of skirt, and 4 the coefficient of friction. This 
stress a t  the instant of shock is determined from 
equation (3), and the total stress is given by the sum 
of equations (3) and (7). For the materials used in the 
present designs, P is in the neighborhood of 100,000 
psi, t is about 0.125 in. for the front skirt and 0.250in. 
for the rear skirt, and L is about 0.7 in. for the front 
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skirt, s l ~ d  1.14 in. for the rear skirt,. For /3 = 0.08 
radian and \\it11 n coefficient of fri~t~ion of 0.05, 
Ti,, = appros. 1,500 psi for front skirt; 1;,, = appros. 
6,000 psi for rear skirt,. These values arc of tlie order 
1.5 pcr ccnt to  (j per cent of t,he shock strcss (:om- 
puted sbovc, and can therefore have little influence 
on thc crit,icftl tingle. Apparently the shoclr strcss is 
all important in det,ermining the limiting velocity of 
s tspcrcd-bore gun. 

Since a is limited to positive values, it is apparent 
that littlc can be clone to the design of the slcirt to 
change thc vclocity lirnit. Thc only effecti~re control 
is by the adjust;mcnt of 0. Snlall values of f i produce 
low shock tension. Ho\vevcr, if f l  is tjoo small, t8he 
length of the adaptor bccomcs excessive. The solu- 
tion tjo the clirni~iation of shock stress appears to be 
in tlie more careful dctailcd design of the :idaptor. 

sO.s.s Uesign 0.1 Tapered Con-tour for 
Adaptor 

Recause of cert,ain aspects of the t,ooling problem, 
the designs for the 57/40-mm tapered-bore gun em- 
bodied a straight corlical I;ransit,ion. I t  is no\\- clear 
that a contirli~o~~sly curving triinsition contour is 
much better adapted to dcform thc projectile with 
minimum tensile, stress. 11 the transition curve is 
made tangent to the straight ~nuzzlc bore section, t,he 
sccelera1;ion oS1;he skirt from its mini~nunl velocit,y is 
over a finite distance, and there is no tr:~lsile shock 
stress. In particular, if the transition contour anti 
that of the skirt are both circular arcs, a very favor- 
able condition obtains. 

Letting s represent dist,i~nce meawlred along t,he 
axis of the transitmion section from thc throat for\\-ard, 
d the overall length of the t~.ansition, L the length 
of the section of skirt instantaneously in contact 1vith 
the bore, and Bo the entering slope of the section, the 
instantaneous acceleration of t,hc sliding velocity is 
given by equattion (a), which is obtaincd by differ- 
entiating equation (I) .  

do ds 
,. .."- = - sin 0 - sin (6  + a)]-- -. (8) dt ds dt 

With sufficient approximatmion, 

In  all practical situations p is srnall enough to pel*- 
mit the use of f l  for sin /3 with sufficient accuraq-. 
Furthermore, for thc geometrical arrangement spcci- 
fiecl, a is t~pproximnt,cly a constant m times 8. Hence, 
letting a: = mp ancl using the approximattion 
sin(a f p )  = (m + l)B, the tensile stress 1'. is rep- 
resented 1 . ) ~ -  equation (1 1 ) .  

I ts  maximum value is given by equation (12) 

The ef3ect of this chimge on shock strcss is strik- 
ingly s h o ~ n  by considering the case of a 57/40-mnl 
gun wi th  a 4-in. long transition. If we lct T, = 2'" 
= 100,000 psi; Lo = 0.6 in.; 6 = 0.28; d = 4 in.;  
m = 9 (90 degree arc) ; = 0.17 radian-the situa- 
tion will apply t o  a projectile of the type developecl 
and the lit~lit~ing velocity is represented by equation 
(13) > ,  

4gd To 
= 9,000 fps. (13) 

LoPo26(2 + nz) 
With an Y in. long arcuitte transition, the limiting 

velocity increases to about 25,000 fps. 
By this change, thc safe velocity has been more 

than doubled for a 4-in. taper, which testts showed 
would not pass a projcctilc at, ,t, velo~it~y of 4,500 Ips. 
The ~nasimum safe velocity of an 8-in. t):lper having 
a continuously curving t,ransition contour \J-ould thus 
t)e ak~ove the tllieoreticnl lirnit attain~tblr with a gun 
of infinite length, which is assumed to be 20,CJ00 fps 
(Section 3.5.2). Thus no pract,ical limit t o  velocit,y 
appears to be imposccl by the ase of a tampered 
s.da,ptor. I n  fact, furtherance of the clevelopnlent 
~vould present opportunities to reduce the lnngth of 
adaptors 11-hile retaining a net gain in performance. 
There are good reasons t,o bclievr: t,hat,, with the aclop- 
t,ion of t,he smooth, horn shape for the transition, the 
length of the straight, muzzle section ma,y bc ma- 
tcrially r(;dnned. This is partir:nlarly true if means for 
controlling \\-car arc adopted. There appears t>o be no 
reason why t,he length 'of this section should exceed 
t,\~-ice the hewing length of the projecttile, if the need 
for an excessive length allokj-unce for ~veat. is elirn- 
inated. In  the c,ase of the 57/40-mm adkiptor, recluc- 
tion of the u-orking length from 30 in. to  :ippros- 
imately 10 in. a,ppeai*s t,o be a reasonable possibility. 

Theoreticalljr i t  is possihle to design the transition 
to develop substantially constant tcnsile stress in t,he 
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skirt, throughoutthe travel period, but such an im- limiting muzzle velocity is More likely to be of: t11.e 
provement seems to have no practical importance. A order of 20,000 fps (Section 3.5.2). Tests with an 
decrease in horn length of only one-third could be 8-mm, 125-caliber gun, carried out ,several years ago 
eflccted, a,nd. this reduction is re1,atively insignificant by I,ungweiler, 'h4" indicat,ed a limit of about 14,000 
in view of the more significant decrease in length re- fps. Since, in such, a small gun, kcat and friction 
su1t)ing from the use of a circular cont,om. losses would he r.elat,ively high, thc attainment of a 

somewhat greater. velocity would be expected from 

30.3*4 -Muzzle Velocity and Velocity Limits 

'When the muzzle velocit,y of thc standard projec- 
tile is known the velocity of the corresponding sub- 
calibcr projectile can be estimated with -reason.able 
a.pproximation by equation (14), in whick 

V' is the new velocity, Vo the standard velocity, W' 
the new weight, W o  the standard weight and W ,  the 
weight of powder. Tn the case of skirted projectiles, 
the preliminary estimates for a new design can be 
made from equation (15). 

Here p is thc ratio of new caliber to standard caliber, 
6' is the mean density of the new -projectile ma- 
terial, and 6 0  the standard density. 

For. estimating I;urposes, these appro~irna~tions 
appear to be quite satisfactory for velocities up to 
5,000 fps in spite of a substantial increase in the 
kinetic energy imparted to the powder gases a t  these 
velocities. In  the case of the 57/40-mm development, 
the standard projectile weight was B lb and its veloc- 
ity was 3,000 fps. The final design of carbide-(:bred, 
skirted projectile weighed 53 oz and attained a veloc- 
ity of 4,100 fps when the powder was adjusted to give 
a maximum pressure equal t o  the standard pressure. 
This measured velocity compares well with a vqlocity 
of 4,050 fps calculated by equation (14). A skirted 
solid steel shot attained a velocity of 5,200 fps, when 
fired with a powder charge of 45 oa at  the rated max- 
imum pressure for the gun (52,000 psi). This com- 
pares ~x-it~h 5,100 fps calculated by equation (15). 

For rnorc exact computations, the  neth hods out- 
lined in Chapter 3 a1.e applicable. According to tlie 
analysis given there, the theoretical limiting velocity 
for an ideal, infinitely long gun is about 36,000 fps. If 
friction and heat losses are taken into condderation, 
with a high ratio of t:harge to projectile mass the 

the usc of larger guns i~nd guns in ~ ~ ~ h i c h  is used some 
means of reducing friction, such as pre-engraved pro- 
ject,ilcs (Section 27.3). 

The length of the 57/40-mm tapered-bore gun is 
50 calibers (\\it11 respect to the larger di:imeter). In 
spite of the fact that Langweiler's gun wns s little 
ovcr twice a,s long (125 calibers, as compared with. 
50) and that finely pulverized powder mas used for 
its testts, velocities obtained with the tapel-ed-bore 
gun firing skirted projectiles correspond to Lang- 
weiler's results to within a few per cent. The charge- 
to-mass ratiorangedfron10.85 to 44. For a ratio of 10, 
the vclocity is about 8,000 fps, whic,h is 60 per cent of 
the indicated maximum of 14,000 r'ps. With higher 
ratios of charge to projectile, t he  velocity giiin is 
slight, ; for a change in ratio from 10 to 20, the velocity 
increases by about 800 fps. I t  appears reasonable, 
therefore, to  consider a velocity of 8,000 fps as repre- 
senting rather closcly the practical limit to velocity 
attainable with present powders. Minor increases 
may be obtained by an increase in gun length, by 
recourse to  measures designed to reduce friction, and 
by the tlevelopment of higher potential propellants. 

In  comparison with Lmgweiler's gun, it is apparent 
that the lower efficiency of the tapered-bore gun, 
which results from its shorter barrel length and the 
relatively high friction of the skirted projectile, is 
compensated for by its lower heat loss. Analyses of 
deformation stresses indicate that no difficulty should 
be experienced in the construction of tapered-bore 
guns and skirted projectiles which would attain a 
velocity of about 8,000 fps. 

50.s.5 Venting to Suppress Gas Pressure 
Shock Wave at Base of Taper 

During early tests of the 57/40-mm gun, frequent 
difficulty was experienced with collapse and burning 
of powder-casc necks. Since this prevented re-use of 
the cases, a remedy was sought. I t  was found that the 
phenomenon was generally absent when tlie projec- 
tiles were fired with the adaptor off, and that for each 
adap-tor there was a velocity belo\v which case failure 
did not occur. I t  was further found that the velocity 
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Testing of Adaptors 

The light,weight adaptor shown in Figure 2, weighs 
45 Ib. Scveral experimental types were made to de- 
terrrhc the optilnutn lengths of taper and 40-mm 
straight section. These rcsults more or less substan- 
tiated the previous work on the one-piece tapered gun 
t,ubes. Thc short 4-in. taper caused brcakups and mas 
itself badly eroded after nine  round,^. Tapers of 8, IG, 
and 32 in. in length performed s:ltisfactorily with all- 
steel projectiles. The heavier tungsten carbide-cored 
projectiles \VCSF found to perform ~at~isfactorily with 
the 8-in. tapcr. An 8-in. taper was therefore consid- 
ered to  be the shortest practical length. 

Wear in the adaptors was fairly rapid. Adaptors 
were manufactured with a 40-mm bore section as 
short as 8 in. and as long as 22 in. The 21-in. length 
was decided upon not only because of the greater 
accuracy rt:sult,ing from it, in comparison with the 
short lengths, but also because thc life of the adaptlor 
\vas increased. As can be seen in Figure 8, the wear on 
the adaptors was grerttest near thc end of the taper 
and decreased in thc direction of the muzzle. In effect, 
the40-rnm section after some use assu~ncd the form of 
n, slon- taper. Hence, the longer the 40-mm bore canbe 
made, the greater the number of shots which can be 
fired whilr: maintaining complete deformation of the 
projectile. 

Strain gaugc measurements were made to clcter- 
mine the safety factor which could be expected from 
the adaptor. In  one case the measurcments of cir- 
cumferent,ial.stress showcd a total of 80,000 psi a t  the 
heginning of the taper, 44,000 psi at  the end of the 
taper, and 49,000 psi in the middle of the straight, 
secticm. These strcsses all had the same general char- 
sctorist,ics. There was a short period of high stress 
which lastjetl while the skirts were passing the gauges 
and then a relatively long period of stress caused by 
pressure dcc:zy in the gases. Skirt pressurc stress 
started out at, ahout 12,000 psi a t  the beginning of the 
taper, increased to  l(i,500 psi a t  the end of the taper, 
and jumped to  22,000 psi in tthe middle of the straight 
section. The gas pressure, on the other hand, dropped 
from 48,000 psi a t  the beginning of the taper to 27,500 
psi a t  the end of the taper, and 27,000 psi in the 
middle of the 10-mrn straight section. These stxesses 
are not esccssive in consideration of the fact that the 
elastic limit of the adaptor ste.el is 110,000 psi. 

When these adaptors were attached to  t,he stand- 
ard 57-mm Canadian Mk 111 gun of 87-in. length, 
the assembly was "muzzle heavy." In order. t o  pro- 

duce a balanced gun, the Canadian Mk I11 mas 
turned down to  the outside dimensions of a standard 
U.S. Mk V 57-mm gun. 

ROUNDS FIRED 

Flcua~: 8. Wealb on tnpcrc:rl-borc adaptor No. 8 rt~ l  a 
Function of rounds fired. (This figure has appearcd as 
Figure 16 in KDIZC Rcporl So.  A-456.) 

30.4.3 Gun Wear Tests 

The wear in the guns tested was fairly high both in 
the adaptor and in the main bore at  the origin of rifl- 
ing. This was to.bc expected. In the first place, the 
powder pressure evcrts a sut)stantial radial bearing 
component against the cxposed area of the skirt. I n  
the second place, thc skirt is made of low carbon steel 
and i t  is a known fact soft steel bearing on steel under 
heavy bearing prcssure produces a high rate of wear. 
When this f r i~ t~ iond  wear is added to  the normal 
erosionwear at  thc origin of rifling, the observcd high 
rate is not surprising. 

An attempt mas made to silver-solder -a pressed 
and sintered carbonyl iron band to the rear skirt, but 
the design of this :~pplication mas not satisfactorjr. 

With thr skirted-type projectile, wear occurred 
both in the grooves and in the lands. Projectile 
breakups noticed in worn tubes are proballly caused 
by dislocation of the loosely fitting projectile in the 
enlarged section near the breech end a t  the moment 
of firing. Some gun tube data for wear on the lands 
are given in Figure 9. The fact that the muzzle w a r  
is relatively slow compared with main tube \war cor- 
rclatcs nicely ui th the fact that tube wear dies out 
much more rapidly along the bore than does the pow- 
der pressl~re which controls the skirt bearing pressure. 

During the early travel gas pressure is high, so the 
bearing pressure is high. Furthermore, at  low speeds 
thc corfficient of friction is high. As the speed builds 
up a surface film on the projectile apparently melts, 
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and weax on the bore drops off rapidly. In  this type 
of gun, thc increased wear near the origin of rifling, 
can be explained by the fact that the rcduced gss 
erosion, (resulting from a shorter time of travel) is 
offset by the increased mechanical Sriction in this 
region. Evidence ol low friction at  high velocity 
derives in part Srom the fiict that the loss of spin in 
the taper is substantidly less than can bc obtained 
from calaulations bascd on coefficients of Sriction a t  
normal velocities. 

DISTANCE FROM MUZZLE. IN INCHES 

s~lrface. Chromillm plate with its Pow coefficient of 
friction appears t o  offer good possibilities of increas- 
ing the life of these mnzzle adaptors, if flaking can be 
controlled. 

Wear tests were made with a stellite liner (Chapt,er 
19) in a 57-mm ~nuezle adaptor. Twenty-six rounds of 
skirted projectiles, foll.owed by 20 rounds of stzm.dard 
57-mm tcst projectiles, were fired through thi s 1' iner 
with no apparent wear. There was a slight cracking 
observed. This was presumably caused bv the liner 
'being out of round and not fitting tightly a t  all points 
in the adt~ptor. I t  is still to  be hoped that a gun of the 
danacek type with a stellite liner extending 12 to  15 
calibers forward from the origin of rifling, and with a 
st,ellit&-lined muzzle adaptor would have rt long life. 

:P:KOJECTILE DEVELOPMEN'T TKS'I'S 

30.5.1 Projectile Skirt Tests 

REAR SKIRTS 
FTGTJRE 9. Wcar 011 57140-mm gun tube No. 16 aCter 
80 rounds. (This figurc has appeared as FEgurc 15 in 

A number of rounds was Iired with steel-bodicd 
NDRC IZeporL No. A-451'5.) projectiles t o  determine optimum rear-skirt thick- 

ness. The thicknesses testedvaried bctnxen % in. and 
30.4.4 Attempts to Reduce Wear 

Various  neth hods were attempted to increasc the 
wear resistance of thc adaptors by surface treatment, 
but these were, in general, unsuccessful or inconclu- 
sive. The first -adaptor was made of NE 871.3 steel, 
and gas carburized to  a hardness of Rockwell C63 on 
the outer edge of the case. Cross sectioning andmetal- 
lographic examination of the   nuzzle end after six 
rounds had been fired through this adaptor showed 
surface cracks to a depth of approxirnatcly 0.035 in. 

On the basis of these results, later designs called for 
heat treating NE 8749 steel and drawing t,o llockwcll 
C30. These were more successful, although in the 
test of one adaptor, slight checking a t  the muzzle was 
obscrved after 103 rounds had been fired. No check- 
ing or scufl~ng was noticeable on any of the other 
adaptors heat treated in this manner. 

Another was chromium-plated to a thickness ol 
0.003 in. at  the National Bureau of Standards. After 
40 rounds no measurable wear was observed with 
garlgcs. However, at  a distance of about 7 in, from the 
beginning of the taper there was B region where the 
surfacc was checked or scuffed. Also, in the sttraight 
section about an inch from thc end of the taper, the 
chromium plate appeared to have flaked off of the 

3& in. All showed good results at  pressures up to  
40,000 psi, in the unsegmented vented tube with a 
16-in. taper. These projectiles weighed about 33 oz. 
Other lightweight projectiles performed we11 with a 
x6-in. thick rear skirt. However it was found, by tests 
with the tungsten carbide-coredtypeprojectile (which 
weighed about 50 oz), that the minimum thickness 
that would stand up under firing was g2 in. 

Microflash pict,~xres show-ed that the rear skirt had 
a slight tendency to balloon at  high vel,oci,ty under the 
action of t,he propulsive charge. A series of tcsts was 
undcrtaken to determinc the effects on the skirts of 
high pressures. Slight flaring of the resr skirt, as ob- 
served from the size of the holes in cardboard screens, 
occurred between pressures of 45,000 and 55,000 psi 
(copper pressure). Breakage of the skirts was ob- 
served in one round at, as low a pressure as 44,670 psi. 
No observable flaring was observed at  a pressure as 
high as 50,900 psi. 

I t  can be concluded that the skirt-breakage limit 
for the recommended projectile skirt design is very 
close to the maximum pressure recommended by 
the Army for use with this type of gun. At pressures 
of 45,000 psi the muzzle velocity of the find design of 
the 53-oz armor-piercing projectile is estimated to be 
about 4,200 fps. 
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The front skirt presented more of a problem. After 
trying conical front skirt a numbcr of experiments 
\\-ere made on skirts with a double curvature. None 
of tliese performed very well, and as far as could be 
seen from rccovcred pieces, the failures were in the 
front; skirt. I t  was noted, lio\vever, that the thinner 
front skirts performed bet,ter t,han t,he thicker. One 
type had a 3,i6-in tapered front slrirt with rt straight 
outline on the ~ut~s ide  and a curvature at, its base. 
However, wear ~neasurenlent~s on this type indicated 
that the proje~t~ile was not deforming readily. I t  was 
therefore decided to revert to the unifol.rn1-y curved- 
t,ypt: front skirt,. The thickness \\-as standardized n,t 
% in. This t,ype of front skirt has since performed 
quite satisfnotorily. 

Not much attenttion was paid in earlier designs to 
the relative position of the front and Ieea,r skirts. dc- 
tual pr:ictice indicatetl that this is a very important 
fact,or in the st>abilit,y of the projectile both inside and 
outside the gun. The front skirt should be ahead of 
the centcr d grsvity of the projectile at  all times dur- 
ing delormation, to prcvcnt the shell from cweening 
inside the tube. In many ol thc lstcr typcs of projec- 
tile, xvl~ich were nose heavy as a result of the use of 
steel ballistic caps or high-density nose tips, an at)- 
norm:d amount, of yaw x-as observed. 
h great deal ol the x\vind resistance of the projectile 

is caused by the rear skirt and it, hencc, has x large 
efiect upon the center of pressure. 

The tendency has been in 1at)er designs, tlo keep the 
rcar skirt as far back of the center of gravity as pos- 
sible by moving the co~.efor\vard. In therecommended 
design typc, the front, skirt has been moved as far 
forward as possible without, interfcrirlg \vit,h the con- 
tour of the ogive and the threaded section \\-llich rc- 
ceives the \~indshield. 

Thc first skirt; mati+rial used was Si1R 1020 steel. 
Though this was sa1;islactory as Tar as could be dc- 
t,erminerl fro111 t,he firings, it was decided to use SSE 
1120 steel because of its better machining qualities, 
a relative lack of ingot pattern, and its freedom from 
inclusions. SAE 3240, wtlich had :In original hardness 
of Rockwell B87-95, was found to be superior to both 

the othcr types nith regard to breakage, but less satis- 
factory \\,it11 respect to gun wear. During armor- 
piercing t8ests i t  \\as found that many projectiles 
made of SAE 1120 n-crc breaking up under 45,000 psi 
nlasimunl pressure. Steps \\.ere t,aken tlo strengthen 
the sheath in the t'hin region bcncatjh the front skirt. 
,Idditiorlal attempts were made to induction-harden 
the thin-walled scction of the sheath. Tests sho\vecl 
that this method was not very satisfactory, and it was 
finidly decided to resort to  the hcst treatment of the 
ivhole container t,o a hardness of Roclr.cvel1 B84 t,o 
1390. Satisftictory results \\-ere obtairled and this 
rnct,hod was adopted. 

The ar~lor-platc penetrittion tests showed that 
the windshield design is cstrcmely important at  high 
angles of ol~liquity. Thcre are apparently three pri- 
mary factors t,o be considered : 

1. To use an ogive \with a long enough radius t,o 
prevent serious retardation in flight. 

2. To support the tungsten carbide core and pre- 
vent, '(shattering" upon, impact. 

3. To prevent the projectile from "scooping" the 
armor plate at  high angles of obliquity. 

Tests \vit,h orlc type projectile sho11-ed bot,h "shat- 
ter" and excessive ((scooping" for angles a t  which, 
judging from results of othcr high-vclocity tungsten 
carbide-cored projectiles such as the 2-pounder 
Mk T "lJit,tlejohns,"lw there should have bccn per- 
foration with no "sh:ttter." By redesign of the mind- 
shield t,his performance was mct. 

30.5.2 T e s t  of Flight Characteristics 

There was some fear t,hat the angular velocity pro- 
ducerl by a rifling of one tm.n in 30 calibers might not 
bc enough to provide esternal flight st,a,bility for a 
shrted-type projectile. I t  \\as k)olievetl that frictional 
forces developed {luring psssagc through the t,aper 
section of the gi.111 might retard tthe projectile consid- 
erably. 

The esterior-angular frequency i" ol a skirted pro- 
ject:ile can be obtairled from yaw-card ~neasurcmcnts 
ol' the rate of prcccssion 4' from equation ( l g ) ,  

in 1-hicli il is tthe asitll moment of inertia ancl B is t,he 
transverse moment of inertia. 
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data of t,he 57/40-mm skirted projectile, its ballistic which had finish-ground cores of the British dcsibm. 
coeEcie~lt was determined to be 1.0 for a form factor Later mlground cores were used. These were similar 
of 1.24. to the ground one escspt for a, 2.2-in. radius ogive on 

the rttdius instead of the originizl 1..54-in. radius ogive. 

Wi~~dshield Testing Projectiles were also rnanuf:lct,uired with cores having 
a Rat core nosc tip. No significant vari~ttion in per- 

Magnesium windshields were tricd in early projec- f ornlance could be det,ected in tests against armor 
tile models, but this rnatcrial was later discarded in plate at  high anglcs of obliquit,y. This seems to sr~tj- 
favorh of aluminum, mainly because of great,er case of stantiate t,he  result,^ of Division 2, KDEC.156 
machining. In  firing tests ~tguinst armor plate therc 
~ 1 - a ~  eviclence t,hat at  high angles, a long aluminum 

PHYSIC-4~ TESTING OF CORES 
~~indskield tends to swerve the core away from the 
normal t o  the plate, producing a "scoop" shot. This 
is treated more tlloroughly in Section 30.6.3. 

Several projcctiles were designed with steel bal- 
listic caps. They performed slightly better than the 
aluminum-cappcd type. 

Other projectiles were ~nacle \\:it,h "soft steel" bnllis- 
tic caps of various designs. Thcre were usually only 
one or two projcctiles manuiacturetl of each of these 
design,s and they wcre nearly all fired a t  3-in plate a t  
55 degrees. It is dificult to  tell, therefore, which type 
of steel was more satisfactory. Thc m:lin in.tent in 
using a stccl b~zllist~ic cap is t o  help prevent the nose 
of the corc Irom shi~t~t~ering upon impact. Tlkpurpose 
seemed to be realized. Compounded windshields of 
various materials were tried and were found to be the 
most eficient in the prevention of core sl~at~tm-. 

Some pr~ject~iles had an elkonite nose tip and 
others wcre manufactured wit,h elkonite nose pads. 
Elkonite is a puwcler metallurgy product composed 
of trlngsten and coppcr. I t  has a density of 14.5 g/cc, 
approxixnrtt,ely that of tungsten carbide, but unlike 
tungsten carbide, it is readily machinable. I ts  hnrd- 
ness ranges from 95 to 100 Rockwell B. Projectiles in 
which this material \\-as placed ahcad of the brittle 
tungsten carbide core were quite successful in pre- 
venting shatter at high angles of oldiquity. Elkonite, 
ho~b-ever, is a relatively sc!arce and expensive material 
and was not used in the final design. The desired re- 
sults wcrt: ot~tained with a steel ballistic cap with an 
aluminum pad and tip. 

30.5.4 Testing of Cores 

Thc core diameter was made 1 .I in. t,o conform to  
the core size of t,he IAittlejolm (3-pounder skirted pro- 
jectiles and the British 6-pounder sabot,-projectile. 
Some armor plate tests were made with pl-ojectiles 

Cores of the following c,ompositior~ \\-ere uscd : S9- 
87% tungsten carl.,ide, and 11 t,o .1.3% cobalt. 

14:lrdness measurements \~-cre made on 10 cylindri- 
cal ground cores and unground cylindrical cores. 
These, chosen a t  random frorn a larger lot, gavc read- 
ings averaging 88.0 \'DS Rockwell A. 'l'here was no 
significant clifferenc~ in hardness between the ground 
and nnground samples. Rock~vell ASS converted into 
Vickers reading is 1350 nP11. This is considerably 
Inore than t,he ~nininiilm of 950 DPH required by 
British Ordnanceforcorcs of thesesame specifict~tions. 

The transvr:rse rupt,ure strengths of 14 tungsten 
carbide cores were tletermined. ICight unground cores 
measured had an average transverse rupture strength 
of 139,300 psi with 11. minimurn of lll,700 psi and a 
maximum of 200,900 psi. Six ungrounclcoresmeasrrred 
had an average transverse rilpture strength of 151,900 
psi with a rninirmmnl of 1 . ~ , 6 0 d ~ s i  and-a masimllm 
of 215,700 psi. Tlic minimutn specification for British 
2-pouncler S V  Mk I1 unground cores is 156,800 psi. 
I ,  lwo  out of sis ~ r n ~ r o h n d  cores failed t,o rneet these 
specifications. Moreover, seven out of eight ground 
cores were found to have transverse rupture strengths 
below 156,800 psi. Thcse results signify that the cores 
are measurably weakened when ground, probr~bly due 
t o  thermal stresses impressed in the materid by the 
opcrsti.on. 

Transverse rupture-shrength test,s were made. 
Three tungsten carbide cores were used to  apply the 
load to the core under test. The cores ~ ~ s u a l l y  broke 
transversely into two main pieces. Considerable chip- 
ping was observable on the surface in the region of 
the fracture. 

There is no corlclusive evidence gathered during 
the tcsts against armor plate to prove that thc un- 
ground cwre' performs n~t~iceably better than the 
grollnd corc. I t  is mairlly on the busis of the trans- 
verse rupture strengt,h tests that the linground core 
(Type 14139) is rccommendcd for t8hc final design. 
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30.6 PERFORMANCE TESTING OF 
57/40-MM TAPERED-BORE GUN A.ND 

SK.I:KTED P:KOJECTILE 

In  an cffort to  stimulatt interest ol the Services in 
the pot,cntialitics of the tapered-bore gun, the ex- 
perimcntation and testi~ig were carried considerably 
beyond that necessary to establish the basis of design. 
In the course of this work the quality of performance 
of the gun was improved beyond the demands of 
practical necessity. The tests and the refinements 
developcd during their conduct havc shown results for 
the skirted projectile, in both accuracy and armor 
penetration, which are noticeably superior t,o either 
the sabot-projectile or the lightweight standard cali- 
ber projectile, of equal core size, whcn fired from the 
same gun. This advantagc improvcs with the range. 

DEFLECTION IN INCHES 

FIGUHE I I. Accuracy of skirl;ed projectmile J&L 860 at 
three velocities: Rounds 440 to 496. (This figure has 
e,ppeared as Figure 31 in NDRC Report No. A-456.) 

90.6.2 Accuracy Tests 

Limitations on space available made i t  necessary 
to  conduct most testa at  a range of 100 yd. I t  is real- 
izcd that a direct comparison between results at  this 
range and at  longer ranges is only approximate. How- 

ever, experience indicates that the initial yaw with a 
skirted projectile in a tapered bore is small. For this 
rcason the extrapolation should be fairly satisfactory. 
Furthermore, the stability factor in the case of the 
armor-piercing pro,ject,ile with s tungsten carbide 
core mas rather high. It is therefore to be expected 
that the good results obtained should bc fairly closely 
duplicated, under equally well-controlled conditions 
a t  longer range. 

The accuracy of the gun : ~ t  100 yd appears to de- 
pend on the type of projectile as well as the particular 
tube and adaptor~vhich w a ~  used. Consequently, the 
~tccuracy chart shoxvxl in Figure 11. was 'based upon fir- 
ing in which these factors were constant,. I t  was also 
found that the positlion of the shot groups relative to 
the bore siglit depe~lded ilpon the muzzlc velocity. 
Thc scatter circles are drawn to indude all shots of 
cach of the three ranges of velocity. It can be n.oted 
that the accuracy of the projectile tested appears to 
improve as the velocity is increased. This may signify 
a more uniform deformation ol the projectile a t  
greater speeds or greater st,ability due to relatively 
less loss of spin in the adaptor. 

The probable error circle a t  1.00 yd was conzputed 
for a projectile with a muzzle velocity of 4:,200 to  
3,900 fps on the basis of the points shown in Figure 
11. This circle is shown in Figure 12. The probable 
error circle for the British 6-pounder sabot-projectile 
shown,in t,he same figure, was obtained from nine 
shots fired in the standard 57-m~n tube at  muzzle ve- 
locities from 3,900 to 4,200 fps. Assuming a normal 
distribution, this circle represents the urca into which 
50 per cent, of the shots are expected to  fall. If thc dis- 
persion be assumed to be proportional to the range 
the radius of the probable error circle would be 7 in. . 

a t  1,000 yd for the skirtcd projectile, while it would 
be over 3 f t  a t  this distance for the sabot-projectile. 
The superior accuracy of the skirted projectile is 
probably due, in part, to  the very low value of initial , 
yaw and to a somewhat higher stability reslllting 
from a more favorable location of center of gravity. 
I t  is, of course, possible that thc low accuracy of t,he 
sabot-projectile is due in part to disturbance of it in 
flight by the discarding ele~nents. 

Firings wcre later conducted at  Aberdeen Proving 
G r o ~ n d . " ~  The gun was mounted in a Scout car and 
firings \yere made against a 12 It by 12 ft target a t  a 
range of' J ,717.63 ft. The averageinst~rumentalvelocity 
for 20 rounds was 3,950 fps. 

The radius of the probable error circle iinder these 
conditions was 12 in. at  the above mentioned range 
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or 21 in. at  1,000 yd, assuming, again, that the trajec- 
tory is a straight line. 

This dispersion was somewhat greater than was to 
bc expected on the basis of firings a t  the Jones and 
Lamson range. The discrepancy may be caused ei1;her 
by the two diff(:rent types of gun mountings used, or 
by the fact that an unground core mas supplied with 
the projectile type fired a t  thc Proving Ground, mkile 
a ground core was used in the other projectile. 

50.6.3 .Armor Penetration Tests 

Aberdeen Proving Ground was supplied with the 
tubes and adaptors and with tivo types of skirted 
project,iles. These mere used to condilct a series of 
testsGfi0 to (letermine the performance of the tapered- 
bore gun against $-and 6-in. armor plate a t  30 degrees - - 

obliq~~ity, :md 3-in. armor at  5.5 degrees. Members of 
the Princeton UniversityStation, Division 2, NDRC:, 
analyzed t,klese firings and compared the resu1t)s with 
thosc of other tungstr:n c~irbide-cored pr0ject~i1cs.l~~ 
The perfor~nance of the skirted projectile was much 
worse than \\,as t,o be expectetl. I t  was concluded a t  
this time, after a study of the results, that the un- 
sutisfact,ory behavior mas probably due to a clisinte- 
gration of the tungsten carhide corc at  t,he ~norlient of 
impact. The Jones and Lams011 Research Department 
in cooperation with members of Division 2, SDRC:, 
undertook it program of armor-plate tests to deter- 
mine the ballistic limit of the skirtrd projectile, ant1 
to devise an inlproved design in which the core ~~:oul(l 
not shatter upon impact,. 

A nunlber of design cha~lges was made to  att,empt 
to prevent core shatter. Of thesc the follolving are 
most noteworthy. 

I .  iln alunllnum nose pad was ntlded. This did not 
prevent shatt)er ~vtlen used alonc, but seerncd to be 
advantageous in conjunction with a steel ballistic cap. 

2. A steel nindshicld was suhstitutetl for the alumi- 
num windshield. 

3. An ungroimd core was substituted for the ground 
core. 

In addition to  the problem of core shattcr i t  \\;as 
noticed that the length of the distancr: from the core 
nose t,o the tip of the ballistic cap had an important 
effect on the performance at  high angles ol obliquity. 

The plate results showed that the long shlminum bal- 
listic cap ol the projectile Jl-as defecting t,he core, 
belore it hit t.he plate, to  such an extent as to produce 
"scooping." To counteract this effect the ~vindshield 
\\.as shortened and the steel tip replaced with an 
aluminum tip. This type of tip not only increases the 
stability inside of the gun by shifting the center of 
gmvity backwarcr.ds, but also providcs a soft nose 
point v-hich produces less swerving away from the 
normal to t'he armor plate at  the moment of impact. 

Several other nzinor chimges vere made. A radius 
of curvatmc was added to the section ~mtler the front 
skirt to  replace the sharp anglc where contuinerhreak- 
age \\-as observed. In :~ddition the container was hard- 
ened overall to  Rock\vell 1384 t o  BYO. Later tests 
showecl that, with this treat,ment, the skirts would 
not brcak a t  45,000 psi (copper pressure), the rated 
pressure of the gun. 

~<XLLTSTIC LIMITS O F  SKIRTED PIZOJECTILI~: AND OK 

BRITISH SABOT-PROJECTILE 

The ballistic or perforation limit oF any partic- 
ular typc of p~.ojectile depends upon the following 
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DEFLECTION IN INCHES 

F1c;nn~ 12. Probable crror circles at 1000 yds I'or 
skirted projectib J$IJ 860 and British 6-poundcr sabot- 
project,ilc: Velocity 4,020 f 1 6 0  fps. (This figure hxs 
uppenred as Figure 32 in NI3RC Report, No. A-45!;.) 
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three factors: 
1. The striking velocity of the projectile. 
2. The angle of obli.qnity of the armor plate.. 
3. The thickness of the plate. 

Firings were made against 2-in., 3-in., 4-in., and 
6-in. homogeneous armor plate supplied by Al-jcrdeen 
Proving Ground. Three levels of projectile velocity 
were used; 3,200 fps, 3,700 fps, and 4,150 fps. The 
plate was set at  &degree intervals and an attempt was 
m:*de to bracket the ballistic limit with two shots on 
either side at each of the velocity levels. From the. 

PLATE ANGLE IN OEGREES 

FIGURE 13. Ballistic limit as a function of plate thick- 
ness and plate angle. (This figure has appeared as 
Figure 35 in NDRC Report No. A-456.) 

size of the holcs made when perforation occurred, 
observation of recovered material and from gamma- 
graphs and exographs i t  was evident that above cer- 
tain angles and velocities the skirtcd projectile com- 
pletely shattered on impact. The minimum velocity 
a t  which shatter occurred was, in general, between 
2,500 and 3,000 fps. It occurred a t  angles of obliquity 
which varied with the thickness of the armor plate. 
With 2-in. armor plate one type of skirted projectile 
shattered at angles roughly greater than 50 degrees ; 

for %in. plate a t  angles greater than 35 degrees; for 
4-in. plate at  angles greater than 25 degrees, and for 
Gin. plats at  angles greater than '1.0 degrees. Forty 
British 6-pounder discarding sabots with 1.1-in. 
tungsten carbide cores were made availal.)le for firing 
at  the Jones and Lamson range. Firings made at  the 
same plates used for the skirted proje~t~iles offered a 
meaas of comparing the relative performance of the 
three typcs. 

One type of skirted projectile and the British sabot- 
projectile performed much I-~ettcr than the other type 
at  high angles of obliyui.t,y, mainly because of the 
abscnce of core shatter. A third type of skirted pro- 
jectile (No. 1949) which is identical to the final de- 
sign except for an insignificant detail in the aontainer, 
penetrated 3 in. of armor a t  an obliquity angle of 55 
degrees. I t  has been noted that the performance of 
-the skirted projectile is better than that nf the sabot- 
projectile a t  low angles of obliquity. This is appar- 
ently due, in part, to  the great,cr weight of parts of 
the sheath in relation to thc weight of correspondi.ng 
parts of the British projcctilc. The weights of the two 
types of skirted projcctile are approximately 48 and 
50 oa, respectivcly, while the weight of the sabot-pro- 
jectile is only 37 oa. The greater weight results in 
higher residual velocity a t  impact and in higher ef- 
fective mass at  impact. However, as the angle of 
obliyrrity of the armor plate is increased the sabot- 
projectile gradually overcomes this initial disadvan- 
tage. Two reasons arc advanced to explain thisaction. 
In the first place, the distance from t,hc core nose 
to the point of the ballistic cap is only 1.00 in. in 
the sabot-projectile design, while i t  is 1.31 in. in the 
design of the skirted projectile. In  the second place, 
the subcaliber sheath diameter oftbe sabot-projectile 
is only 1.45 in., as opposed to a sheath diameter of 
1.58 in. in the case of the skirted projectile. 

In Figure 1.3 the ballistic limit is shown as a func- 
tion of plate thickness and plate angle for three dif- 
ferent velocities. Curves for Type No. 1944 skirted 
projectile seem to  convcrge a t  an angle of approxi- 
mately 70 degrees. Above this angle, the projectile 
would be expected to ricochet regardless of projec- 
tile velocity or plate thickness. The "ricocheting 
angle" for the sabot-projectile appears to be about 
65 degrces, which is reasonable in view of the fact 
that the projectile is sornewhat lighter. The maximum 
thickness which Type No. 1.944 ~vould be expected to  
penetrate would be about 9.4 in. ol armor a t  normal, 
while the sabot-projectile would bc expected to pene- 
trate approximately 8 in.. a t  normal.lh7 Fig~ires 14 
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quently, this line was used in conjunction nitli the 
British data to obtain the retardation curve for the 
British, sabot;. Using the retard.ation for the British 
sabot and the J&L projectiles, and the ballistic limit 
curves for 3-in. and 6-in. :irmor plate, the perforat,ion 
range as a function of tjhe oblicluity angle was dctcr- 
mined for J&T, projectile Typc 1944 and the British 
sabot against these two thicknesses. These curves 
slio\\~ plainly that ~vhilc tfhe British sabot is sligl~t~ly 
morc effective than the J&L 1944 at  short ranges, i t  
rapidly loses its advantage at  distances greater than 
400 or 500 yd. This is even more strikingly apparent 
in t,lic case of the Gin. plate than in tjhe case of the 
3-in. plate. There are apparently two reasons for this 
behavior. In the first place the subcdiber sabot>, bcing 
only about 75 per cent as 11c:~vp as the .J&L Type 
1944, loses velocit,y at  a niorc-: rapid rate. In  the sec- 
ond place, the greater amount 01 energy at  the mo- 
ment of impnct,, due to the greater mass as well as 
the higher velocity, acts in favor of t,he J&L Typc 
1944 proiectilc. 

Using the ballistic limit curves, i t  lViks possible to 
obtain the specific limit energies for t,he J&L pro- 
jectile, a t  various platfe angles up to 55 degrecs, as a 
function of the plate tthickness in (:ore calibers. In 
thesc calculations the weight and dia~~let~cr  of the 
core has bccn used. The remainder of the projecttile 
was neglected. The nvcrage perfor~nance for each 

5 1  I I I 1 1 I 
0 2 4 6 0 10 12 

LOG,, $ 
F I ~ ~ U R E  lfj. Detcrnlinstion of constints in Dclllt~rrr: 
formula for tungsten carbide cores against itrillor plate 
al impact anglcs or 0 dcgrcc, 30 dcgrccs, and 50 dugreas, 
and co~nparison ~ i t h  vnlucs for st,eel cnrcs. (This figurc 
has appcsred as Pigure 4413 in KL)ltC lteport No. 
A-456.) 

angle was approximated by straiglit lines on a loga- 
~i thmic plot. On the basis of this graph, predict- ions 

havc been made of the ballistic limits, against 3- and 

30. BRITISH SABOT 
BRITISH OATUM 

4000 

m / BRITISH DATUM 

J AND L 860 
J AND L OATUM 

> 

3 4 5 6 7 
PLATE THICKNESS IN INCHES 

F r r m r t ~  17. Ballistic lirnit tlb a function ol st1.11cing velocity and plate thickness. (This figure has rtppcarcd 
44C in NDRC Rcpolt To. A-456.) 
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6in .  plate, for a Y0/63-mm skirted projectile, which 
had been scaled up from the 57j40-mm projectile 
dimension4 Thesc calculations were made on the 
basis of a core wcight of 6.04 lb and e corc diamctcr of 
1.75 in. for thc enlarged projectilc. 

A prediction of the perforation range for a 90/63- 
mrn projectile against 3- and 6-in. armor plateis shown 
in Figure 18. The retardation for this prediction 
was considered to be inversely proportional to the 
projectile weight. 

0 5 0 0  1 0 0 0  1 5 0 0  2 0 0 0  

PERFORATIOEI RANGE IN YARDS 

FIGURE 18. Perloration range as a funclio11 of angle 
of obliquity for ,J&L Type 944 and Brit,ish fj-pounder 
sabot: Muzzle velocily, 4,150 ips. (This figure has 
appeared as Figurc 44E in NDRC R.eport No. A-456.) 

30.7 SUC-GESTIONS FOR FUTURE 
DEVELOPMENT 

Any plans lor future development of tapered-bore 
guns and skirted projectiles should include a t t en t io~~  
to the following : 

1.. Application of a thin layer of bronze or other 
bearing material on the bearing surfaces of the skirts 
of projectiles : This should greatly im.prove the wear 
and accuracy life of gun tubes and tapered adaptors 
for the observed wcar therein is predominantly 
through friction. 

2. Application of wear resistant liners of such 
material as stellite in gun tubes and adaptors: 
With suitable bearing material coatings on projec- 
tiles and wear rcsifitant surfaces in gun tubes a.nd 
adaptors thc life of tapered-bore guns fired ut 
present pressures should criual or exceed the life of 
stlanulard guns. , 

3. Development of a suitable high-explosive type 
skirted projectile for antiaircraft use : The potential 
advantages of subcaliber projectiles in this service 
are tremendous. 

4. Detailed undysis of the shock stresses, plastic 
delormation, 2nd friction effects in projecticle skirts: 
It appears most likcly that improvements in maxi- 
mum velocity without brcekage and reduction in 
1.ength of tapered bore and straight section of adap- 
tors may result from such studies. 



Chapter 31 

PEE-ENGRAVED PROJECTILE WITH CHROMIUM-PLATED BORE 
By Nicol H. Smith" 

I N T I ~ E  x;,~RI,I- WORK with the caliber .50 erosion- 
testing gun described in Section 11.2.1, i t  \\:as soon 

realized that for hypervelocities t,he standard caliber 
.50 gun barrel and bullet were not satisfactory. The 
gilding metal jacket was too weak to  mi ths ta~~d the 
rot,ational stxesses due to the high velocity as long as 
the dcpth of the grooves was as small as i t  is in this 
barrcl. This deficiency was partly overcome by using 
a banded projcctile with a copper rotating band, but 
i t  needed to be exccssivcly wide for satisfactory 
performance. 

In  addition, there was littlc or no esact information 
concerning ( I )  the relative effect 011 gun erosion of 
wear produced by the engraving and rubbing of the 
projectile and (2) the influence of gas leakage (and 
obturation) on gun erosion. These questions could be 
answered by experimental firings of pre-engraved 
projectilcs in the caliber .50 erosion-testing gun: With 
this end in vit-:\v, \vork on pre-engraved projectiles 
(hereaftel. referrod t o  as PE) was started at  The 
Franklin Institute in January 1943. 

The use of P E  projectilos makes possible the reduc- 
tion t,o a minimnum of engraving stresses and bulllet 
friction, properties inhercnt i11 projectiles which are 
not pre-engraved. Thus i t  is possibl~ to eliminatte 
thcsc-: factors as contributing causes of gun erosion 
and isolate that \vhich mag be attributed to powder 
gases alone. 

Hence, the purpose of this investigation became 
thrccf old. 

1. To determine the effect of PE projectiles upon 
gun erosion, pressure, velocity, and accuracy ; 

2. To examine the exterior ballistics of P E  projec- 
t8iles of clil'fercnt design ; and 

3. To see how sac11 projectiles cun be adapted to 
firing in existing guns of different caliber. 

Early work on P E  projectiles had been done in 
England tmd France, especially by Charbonnier dur- 

n Assoc,iate Director, The Franklin Institute, Philadelphia, 
Pa. 

Sections 31.1 to 31.7 have been basecl on SDRC Report; 
A448lZ0 by the same author, to which reference should be 
made for further dctails. All the tables except Xo. 12 and all 
the figilres except No. 19 have been taker1 from that report. 

ing World War 1. Reference Is made t,o the morc 
complete for a historical skotch of P E  pro- 
jectiles. Thcy \\;ere used by the Germans in World 
War. I1 for at least one gun, a 28-ern railway gun.30a.ao4 

31.2 CONCLUSIONS 

The use of P E  projectiles has enabled one to de- 
termine the relative effcct of the components affect- 
ing gun erosion. Results have shown that (1) the 
engraving of the r~ t~a t ing  band and the abrasion 
produced by the friction of the bullet are important 
factors contributing to the erosion of both gun steel 
and chrornium plate ; (2) gas leakage is not a direct 
cause in initiating gun erosion; and (3) reduction of 
engraving strcsses and bullet abrasion reduces the 
wear of gun stcel and chromium-plated gun bores. 
The use of PE projectiles in determining the erosive- 
ness of different propellants is described in Section 
15.3. 

The reduction of bullet wear results in an increase 
in the velocity life of the gun. This increase is about 
twofold to fivefold in gun st,eel bores and twentyfold 
in chromium-plirted bores. 

P E  pr~ject~iles permit the use of l-ligh-strength steel 
bands, thereby resulting in a vcry material improve- 
ment in the accuracy of the projectile. 

Experiments with the caliber .50 Bro~vning machine 
gun mechanism have shown that PE projectiles prop- 
erly indexed can be fired in a g1111 having a high cyclic 
rate of fire without hang-ups or any malfunction of 
the gun attributable t,o the PI3 projectile, as described 
in sectioI; 28.4. 

The use of the steel-banded PE projectile chro- 
mium-plated bore combination, makes it possible t o  
obtain a hypervelocity gun having a greater velocity- 
and accuracy-life. 

91.3 'METHODS OF TESTING- AND 
ME-ASUREMENT 

The caliber .50 erosion-testing gun (Section 11.2.1) 
was used as the tool in the preliminary tests of the 
PE bullets. In most t,ests double-base powder con- 
taining 20 per cent nitroglycerin was used. 
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FIGURE 1. Caliber .50 PE projec,tile-(soft steel). 

The PE bullet shown in Figure 1 was adopted as 
the standard steel-bandcd PE projcctile for test pur- 
poses. Conditions of loadirlg were chosen in establish- 
ing the powder charge to give a maximum powder 
pressure of 56,000 to 58,000 psi (copper). The web of 
the powdrr was adjusted by mixing a "fast" powder 
(small web) with a complementary part of a "slow" 
powder (large wch) so that a charge of 476 grains 
gave thc desired pressure and n velocity of shout 
3,700 fps in a 45-in. barrel. 

Vclocity and pressure measllrements wert: obtained 
:at intervals to determine the velocit,y-life of the gun. 
Plug gauge and star gauge measurements were made 
at  intervals to determinc the distribution and prog- 
ress of erosion of t,he lands and grooves. Accuracy 
measurements were takcn at  100 i t  to  determine the 
accuracy-life of the gun. 

The gun was considered to have failed when: (I)  
the velooity had dropped 200 fps, or (2) the mean 
radius of dispersion a t  100 ft had increased to three 
times'its initial value or keyholing bullets were ob- 
served. 

31.4 CALIBER .50 EROSION-TI3STIN'G 
GUN KXPEKIMENTS 

51.4.1 Introduction 

PIT projectiles were fired in gun barrels having a 
steel surface and a chromium-plated surface.,Tn both 
cases thc eflect of PE projectiles on the following was 
studied. , 

1. Progress and distribution of land and groove 
erosion. 

2. Pressure and velocity performance. 
3. Accuracy perfor~nance. 

In  addition, using P E  projectiles as a tool, the 
effects of the following lactors on the erosion of gun 
stfeel and of chromium plate were studied. 
:I. Gas leakage and obturation. 
2. Type of projectile. 
3. Thickness of chromium plz~t~e. 
The results and cont:lusio& of these tests are given 

in the following sections. 

31.4.2 Effect of Gas Leakage and 
Improved Obrurarion on the Erosion 

of Gun Steel 

Sincc the standard PE pr.ojcctilc has a clcarancc of 
0.002 to 0.003 in. across thc lands and groovcs in the 
Inorc, thc first qucstion which is prcscntcd is: "What 
effect will this gas leakage have on erosion?" To an- 
swer this question, the following tests were fired. 

1. Standard PE projectiles for 0.005-in. rifling 
whivh gave a calclllated lcaksge sreu of 0.0028 sq in. 

2. PE projectiles having two slots 0.020-in. decp 
milled diametrically opposite, which gave a calculated 
lcaksgr srca of 0.0078 scl in. 

3. PE projectiles having two slots 0.030-in. deep 
milled diametrically opposite which gave n calculated 
leakage area of 0.0103 sq in. 

4. Standard l'E projectiles with celllllosc obturat- 
ing wads saturated with liquid fluorocarbon. 

5. Standard PE projcctilcs with solid fluorocarbon 
obturating wads. 

Liquid fluorocarbon is a very stable organic com- 
pound (polymerized polyfluorethylcne derivativc) 
which undcr the conditions of firing docs not loul the 
bore by its decomposition products. This material has 
the consistency of heavy molasses. Celll~lose wads 
were saturated with t,hc heat,cd liquid and att,ached 
to the base of the PE projectile. 
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The solid fluorocarbon was the same basic material 
but polymerized further to  the solid condition. Wads 
mere cut to fit the neck of the cartridge ciise and 
attaotlcd to t,he base of the projectiles. The fluoro- 
carbons mere obtained from Division 8, XDRC. 

When making thc firing test the successive rounds 
were so chambercd that the slots in the projectile 
were progressively rotated one barrel groove per 
round, t,hus insuring equal presentation of the slot 
arou~ld the circunlference of t,hc bore. 

In ordcr to keep t,he pressllrc-: and powder charge 

constant a t  56,000 to 58,000 psi (copper) and 476 
grains, respectively, it was necessary to increase the 
pcrccrltagc of fast powder as the leakage area mas 
increased. 

summary of the firing conditions and the ob- 
scrvcd incrcftse in li~lld and groove diameters at  0.5 
in. beyond tlic origin ol rifling are given in Table 1. 
The latter data are show11 graphically in Figures 2 
and 3. 

ROUNDS FIRED 

0 2 0  40 6 0  6 0  100 120 140 160 180 2 0 0  

ROUNDS FIRED 
LEAKAGE AREA 

I aoea so IN. 
2 -0078 59 IN.  
3 .0103 SO IN. 

FIcKTRE 2. Effect of plvjec1,ilo c~carancc on Ir-lnd and 
groovc crosion, for PE projcctiles firecl in the caliber 
.50 erosion-t,esting gun. 

LEAKAGE AREA OBTU RATOR 
1 0 . 0 0 2 8  SP IN. NONE 

2 0.0103 59 IN.  NONE 
3 0 CELLULOSE WAD 
4 1) FLUOROCARBON WAD 

F r c u n ~  3. Effect of obturation of PE projectiles on 
lt~nd and groove erosion of a steel barrel in thc cnlihcr 
.50 erosion-t8esting gun. 

TABLE 1. Firing c,onditions and land and groove erosion for gas letiltage tcsts with calibcr .50 pre-engraved projeci.ilcs 
after 35, 70, 105, 140, and 180 rourlds. 

., 

T,cltGage area 
Test (in.) 

Ll(F.1) 0.0028 
F(F4) 0.0078 
F(F5) 0.0103 
F(F3) ot  
F(F6) 0 (i 

AL in in. X 10-8 
70 103 140 180 

9.6 14.4 18.7 . . 
8.2 11.6 15.0 19.3 
5.7 9.1 12.5 15.8 
7.6 11.2 14.8 18.8 
9.2 13.0 1 . 7  21.0 

P r e s s ~ ~ ~ e *  Velocity 
(psi) (fps) 

57,200 3,758 
54,900 3,630 
57,500 3,678 
56,700 3,705 
55,800 3,701 

1:ncrease in groove diamc:t,cr 

A(? in in. X 10-3 
35 70 105 140 180 
- ,. 

4.2 6.5 9.3 12.0 . . . .  
4.0 6.3 5.8 11.1 14.1 
2.3 4.5 6.6 8.8 11.7 
2.6 . 6.0 8.2 10.5 13.5 
4.0 4 . 1.2.5 15.4 

33 

5.6 
4:l 
2.8 
4.0 
5.0 

+.iII tests fircd n-ith 478 grains rloi~blc-bnae  nu-der of two  arnmilatlotm. 
tCellulonc n-ads. 
$Fluorocnrhon n-ndu. 
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These results show that the increase in land and 
groove diameter is least for the greatest gas leakage 
area. The data for AL 2nd AC fall in the following 
order : 

AL 0.0028 in.2 > 0.0078 in.? > 0.0103 in.2 leakage 
area. 

AG 0.0028 in." 0.0078 in.2 > 0.0103 in.2 leakage 
arca. 

AL Solid fluorocarbon wad > ccllulosc-liquid 
fluorocarbon wad > 0.0103 in.2 leakage area. 

AG Solid fluorocarbon wad > ccllulosc-liquid 
fluorocarbon wad > 0.0103 in.2 leakage area. 

The land erosion observed with both types of ob- 
turating wads mas slightly less than observed with 
the standard PI3 projectile (0.0078 sq in. leakage 
area). However, in both cases the erosion was greater 
than observcd with t,he projectiles having the greatest 
leakage area (0.0103 sq in. leakage area). 

These test data show that for a caliber .50 PE 
projectile the clearance between the projcctilc and the 
bore neither initiates nor a~~celerates gun erosion. In 
fact, with increasing leakage area i t  was found that 
the measured land and groove erosion decreased. It is 
believed that this reduction in erosion is caused by 
the increasing percentage of fast powder. An increase 
in the percentage of fast powder would result in a 
shorter duration of maximum pressure and hence 
maximum tempccrature. 

Since the PE projectile is free moving in the bore 
of the gun, any gas leakage past the projectile would 
only expose one particular area of the bore tto the 
blast of hot gus for $1 very short time. This is contrary 
to the situetion \\-it11 the regular engraving-type 
projectile, which is mornentaa.ily slowed up in its 
travel during the engr~tving process. Any gas leakage 
past the eayrazilzy bullet wollld accelerate gun erosion 
because of tthe "blow torch" action discussed in Sec- 
tion 5.4.4 of the gases for a much longer t)ime on a 
localized area of the borc. 

Serious effects due to gas leakage \bit,h PE: projec- 
tiles might be experienced in a larger caliber gun, 
mhcrc the timc rcguired to start the projectilc mov- 
ing might be unusually long. I n  this case the product 
of duration (time) X kcat (cnl/cm" might be 
great enough to increase erosion. In this case i t  would 
hc nccessury t,o use some practical method for obtu- 
rating thc P~ projectile. 

31.4.3 Eflect of Pre-Engraving on 

Pressure and Velocity Pcrforrn ance 

The manner in which :i given propellant burns, 
which determines tho maximum powder pressure, is 
dependent mainly upon t,he resistance to starting the 
projectile. In a conve~ltional type of gun using banded 
ammunition, this starting resistance can be attributed 
to :  (1) force to overcome the inertia of the projectilc, 
(2) force to unseat bullet from c:ase, and (3) force to 
engrave the rotatling band. 

As t,he starting resistance decreases, th.e burning 
characteristics of the powder are so changed as to 
affect seriously the maximum powder pressure. Using 
PE projectiles the force to engrave is completely 
eliminated, with the rhcsult that the powder pressi.lre 
obtained wit11 the saInc granulation, of propcllant as 
used for an engraving bullet is very much less. 

Thc cffect of decreasing thc force to engrave is 
clearly shown in Table 2. The forcc t o  engrave was 
gradually decreased by reducing the bsnd diameters 
and finally eliminated by pre-engraving the projec- 
tiles. A pressure drop of 17,900 psi and a velocity 
drop of 292 fps were observed. 

In  order to keep the pressure at  the level observed 
with an engraving-type bullet, kecping the powder 
charge the same, it is nccessary to use a powder with 

TABLE 2. Effect of engraving force on pressure ant3 vclocit~y of caliber .50 projectiles. 

Band Land Barld/Larld 
dia. dia. interference Pressure* P~.essure Velocity Velocity 
(in.) (in.) (in.) (pa;) change (fps) change 

0.510 0.490 0.020 54,000 . . . . . . . 3,452 . . . . . 
0.509 0.490 0.019 54,200 + 200 3,405 - 47 
0.508 0.490 0.018 52,700 - 1,300 3,380 - 72 
0.503 0.490 0.01 3 49,100 - 4,!)00 3,330 - 122 
0.498 0.490 0.008 44,800 - 9,200 3,280 - 1.72 
0.493 0.490 0.003 41,800 -- 12,400 3,233 -219 
(PE) 0.490 . . . . .  36,100 - 17,900 3,160 -292 

*All  firings madc with a charpc of 465 gmins IMR, powrlcr, wcb thickness 0,0338 in. 
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a smaller web thichcss ("fastcr" powder). In  the 
experiments just referred to, the same charge of a 
powder having a web l;hickn&ss of 0.0285 in. gave the 
same pressure and a great,er veloc,it,y than the engrav- 
ing-type bnllet. The relationship between type of 
projectile, web thickness, pressure and velocity is 
shown in Table 3. 

TABLE 3. IZelatiorlship betwecr) web thiclcncss, pressure, 
and velocit,.~ for barrtlerl (AT) and pre-engraved (PR) 
caliber .50 projectiles. 

Po\\-der 1%-eb 
charge thiclir~eijs Press~rre Velocity 

Elillet (in.) (psi) (fps) 

ROUNDS FiRED 

1 COPPER BANDED ARTILLERY TYPE 
2 PE STEEL 

--,- ,- 

Al'  465 IhLK 0.0338 54,000 3,452 FIGIJI~E 4. Comparison of pressure and velocity change 
P 465 1\11{. 0.0338 36,100 3,160 l'(:w artillery banded mld PI3 steel projectiles, fired in  thc 
PE 4% TSIR 0.0285 53,900 3,520 (;~liib(:r .50 crosion-testing gun with double-haw powder -- at a niuzzlc velocity of 3,700 fps. 

Any change in the lorcing cone or other area, ol the 
bore close to ths origin of rifling affects the starting 
resistance of ~ ~ 1 1  engraving-type bullet. This conse- 
quent,ly aiT:fects the pprcssu~c and the veloc,it,p. IJuw- 
ever, the er~graving co~nponcnt of the st:~rting resist- 
ance has becn completely eliminated when using Pli: 
bullets. This means that the pressure and the veloc,ity 
of a PE projectile are little al'fected by an,y enlarge- 
ment at  the origin of  ifli ling. 

Experixnents have shown that this is not a.cl;nally 
true. As the bort: enlarges due to  gas erosion, the 
amount of gas leaking past the bullet increases. Dur- 
ing the early stages of thc burning of the powder, tfhe 
ratc of burning is seriously affected by any change in 
the anlount of g:~s th r~ t  might leak past thcl bullet and 
thus aflect thc pressure over t,he po~vcler. For this 
reason, as the bore enlarges there is a gradual dccreasc 
in pressure and vclocity. The use of obturating dcvices 

,4s tlie lards a t  the origin of rifling erode and the 
point of engagement \a-ith the PE prc~ject~ile advances 
towards the muzzle therc conlcs 11 time when the PE 
projectile docs nol; mesh wit,h the rifling and engraving 
of the steel band might occm.. Since the powder web 
and load were a.djust,ed for no erzqruvinq resistance 
there was a very good chance of obtaining excessively 
high pressures and producing damaging effects if 
doublc engraving occurred. Ron:ever, examination of 
the curve of pressure versus 1,ounds fired in Figure 4 
sho\\~s a continuous drop in pressure, even though 
double engrzving of the stecl batid'occurred between 
rounds 21 5 and 285. It is believed that the gas leakage 
which occurred due to the increase in bore dimensions 
ca~lsed by erosion a.ct,ed as a safcty valve -\\.hen the 
b1.1llet \vas momentarily retarded while being double 
engraved. 

to prevent this gas leakage and nlaintain a Inore m ~ i -  EFFECT OH ODTUIE~YTIOR ON VELOCITY PERFORMANCIG form pressure and vclo~it~y level is described in iL later 
paragraph of this section. 

A comparison of thc prcssurc and ve1or:it-y per- 
formance with ~~rti1ler-y-type hullct,s having copper 
rotating hands (designated as AT) and P E  bullets is 
sho\vn in Figure 4. These data arc an average of tn-o 
tests. From these curves it may be seen that a a-elocity 
drop of 200 fps occurred much sooner -\\-it11 the cn- 
graving-type bullets and the pressure drop cone- 
sponding to that ve1or:ity change \%-as 8,800 psi 
instead of 7,200 psi. 

To  determine thc effect of vxri ous means of obtura- 
i;ion on velocity performance of PE projectiles the 
follo\\ing ohturated caliber .50 PE projectiles shown 
in Figure 5 \)-ere tested : 

1. St,andard steel 1'E projectile. 
2. Standard PI3 projectile with copper obturating 

ring behind rear PE bancl. 
3. Standard P E  projectile: with a cellulose tscetate 

(plastic) obturating cup attached to the base of the- 
projectile. 
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1- STANDARD PRE-ENGRAVED PROJECTILE NOT OBTURATED 
.508" DJA 

2- COPPER RlNG OBTURATED 

COPPER RlNG 
I 

.508" DIA 
I 

3-  PLASTIC CUP OBTURATED 

PLASTIC ,  CUP ,608" DIA 

D I A  

4- DOUBLE OBTURATED 

. 5 0 8 "  DIA 
I 

FIGUHE 5. Types of ~b tura t~cd  PI? projectile! used in 
tests with the caliber .50 erosion-testing gun. 

are givcn in Table 4, and the vclocity changes at 
various stagcs of bore erosion arc shown in Figure 6. 
In d l  instances the obturating devices increased thc 
number of rounds fired for a velocity drop of 200 fps. 

These data show that the velocity pcrforlnance can 
bc improved and ~naintained at a more ulliforrn levcl 
by using obturating devices with YE projectiles. The 
best obturating devicc was that used with projectile 
No, 4. The oopper obturating ring wus effective at 
low powdcr pressure and thc plastic base cup be- 
came eflecltive as the powde~. pressure reached its 
maximum. 

4. Standard PE projectile combining the copper 
obturating ring with the plastic obturuting cup. 

To test the eflfectjvcness of the obturating devices 
velocity measurements wcre taken at various stages 
in the life of the gun. The erosion rounds during the 
test using Firing Schedule 11 were standard PE bul- 
lets (No. l in Figure 5). The initial firing conditions 

ROUNDS FIRED 

I STANDARD PE  
2 COPPER RlNG OBTURATED 
3 PLASTIC CUP 
4 COPPER RING AND PLASTIC CUP OBTURATED 

FIGURE 6. Velocity performance of the obturabd PE 
projectiles shown in Figure 5, fired a t  a muesle velocity 
of 3,650 fps. 

TABLE 4. Comparison of velocity change with obturahed caliber .50 PE ~~~.ojertiles. 
- 

I 2 3 4 
Ruillet No. 30 Per cent slow 75 Per cent slow- 75 l'er cent slow 75 Per cent slow 

Powder (476 graitls) 70 Prr cent fast 25 Per cent faht 25 Pcr cent fast 25 Per cent fast 

Initial pressure (psi) 56,700 53,800 47,700 56,200 
Initid velocity (Ips) 3,645 3,650 3,440 3,673 
Velocity after 355 rd (fps) 3,340 3,295 3,180 3,363 
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31.4.4 Effect 01 :Pre-Engraving on Accuracy 12 

The superior performance of the PE steel projectiles I I 

in a new and eroded barrel is due entirely to  the high V) 

y lo strength of the matcriftl in t,lie band. .Equally good o 
accm.acy bas been obtained xi th a bullet having a 5 

Z 9 
steel band which has to be engrtlvetl in tthe gun. In  

k 
the liit,t,er case, however, scvcre almsion of the barrel E 8 

LL 
clccmred due to the high friction and cngravi,ngstresses o 
of the stccl band. 0 7 

A comparison of t8he accuracy of ball  bullet,^, M2, C4 
z 6 

copper-banclcd :trtillery-type bu1lel;s and PE stcel 0 
ul 

bullets fired for a range of velocities in new and croded % 5 
caliber .50 barrels is shu\vn in Table 5 .  These data are ?? 

4 
LL 
0 

Tnnr,~ 5 .  Accuracy of different typcs of caliber .50 
bullets. $ 3 

-, 
6 - 

Mean radius of dispersion (in in.) a t  100 f t  
2 2 
Z 

Velocity i3ar1ded a 

(fps) Ball, R12 art,illery type PE r " '  PE STEEL 

(a) In new barrel 0-  7 I I f 
2,900 4 50 0.4 0.5 0.45 ?900 3500 
3,300 f 50 1.2 1. .O 0.8 VELOCITY IN  FPS 
3,700 f 50 7.9 1.1. 0.7 

(b) In  erodcd barrel FIGURE 8. Dispersion of ball, ZI2, 1,andcd .iT and PR 
2,900 f 50 1.2 0.75 0.45 project,ilr:s For various velocities fired in the calikcr .GO 
3,500 k .50 10.9 1.45 0.45 crosion-testing gun using all crotled Barrel. 

shown graphically in Figures 7 and 8. These results tile is intermediatc in accuracy between the ball and 
show that,: (1.) ball bullets, M2, are not satisfactory PE projectile and its accuracy is atfected by erosion 
for high velocity; (2) a banded artillery-type projec- of the bore; (3) a PE steel projectile is the most 
U, 9 accurate of thesc bullet types, and its accuracy is not 
W 
I affected by erosion of the bore. 
0 
5 a 111 firing gun steel barrels with PE b~illets until 

5 accuracy failure occurs the accuracy of the PE bullet 
7 t remains practically unchanged until engagement of 

0 
P 6 

the teeth on the bullet with the rifling in the barrel is 
I- lost. When rnikalignmerlt occurs, the steel PE bullet 
a 
z 5 is double engraved, and severe wear of the lands 
0 
5 occurs. During this period the accuracy remains the 
a 
L same until a bore diameter is reached when the bear- 
u, 
o ing area in contact with the lands is greatly overloaded 
LL 3 
o and shearing of the steel band occurs. 
U) This behavior results in a very uniform, good ac- 
2 '  curacy pattern throughout the accuracy-life of the 

1 
2 

gun, after which it suddenly becomes very had. This 
a is shown clearly in Table 6.  The ttargets in Figure 9 

0 
2900 3300 3700 illustrate the progress of uccllracy failure. I t  is readily 

VELOCITY IN FPS seen that (1) the accuracv is rl11ilormly maintained 

FIGTJRE 7. :I:)ispersion of br~11, 412, banded AT and PE throughout the life of the i u n .  (2) tht:re is no gradu- 
projectiles Inr various veloritics fired in the caliber "11~ increased dispersion, and (3) accuracy fai1u1-e is 
.50 erosion-t,est>iog gun using a ncn- steel bnrrcl. .yery bad when it does occur. 
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ROUNDS FIRED 

Frcnn~, 10. Comparison of land wear for bsndcd 
artillery-t,ype, steel PE, and gilding mct;al PE: pro- 
jectiles fired in the caliber .50 erogion-testing gun >L(, u 
nluzele velocit,y of 3,700 fljs. 

C:'urve 3 gives the l s~ id  enlargement lor the gilding 
metal PE projectiles. Therefore, the area R between 
curves 2 and 3 represents tthe anlount of land n-em 
contributed by the frictio~l of the steel-bi~ntled i'E 
projectile. 

In another pair of tests, stccl PE projcctiles mere ( I  ) 
cadmium plated, and (2) Parco-Lubrizedo with oil 
treatment and then tested for accuracy and velocity 
perfor~nance and reduction in land i~nd groovc crosion. 

Compared \\-it11 the plain steel PE projectiles less 
lantl\\-e:~r n-ils observed\\-ith the artdrnium-plated and 
Pi~rco-Luhrized bullets. However., best all-around 
performance \\-as observed \\-it,h the I'arco-Lrlbrized 

A conlpfirison of the ac(:uracy measurelnerlts of and oil-treat,ed projectliles. 

artjllery banded, steel PE, and parco-l,ubriacd steel The comparison of land \\ear between banded ar- 

PE during tile r:r.osion life of 2 gun steel tillerjr-tvpe, steel PIT anrl Parco-Lnt)rizcd PE  projec- 

barrel is given in Tddc  ti. tilcs is shon-n in Figure 11 and Table 7. Area, 
bet\recn curvcs 2 and 3 reptcscnts the amount of land 
wear at  0.5 in. horn the origin of rifling contributed 

TABLE 6 ,  Increase in accllracy of caliber. .50 pre-en- 
graved projectiles compared with copper banded artil- by the friction of tthe steel-banded PE projectilr:. 
lery typc fircrl a t  3,700 fps from a new barrel. 

32 
blcan radius of dispersion (in in.) at 100 ft g7 

Parco- N: 28 
'2. 

Artillery Gilding Steel Lutrrized S: 24 

H.c)nnds ty-pc metal PE P E  steel PE 
-, - ; 3 20 

1- 10 1 .0 . . . 0.85 1.0 z LL 

11- 65 2.4 1.4 1.1 1 .0 z E  I 6  

r "d 
81-1 35 3.3 1.6 1 . I  0.9 w r  12  

15 1-205 . . . 2.1 1.1 1.0 % Q 
221-275 . . . 4.0 1.1 J -0 ki6 a 1 ARTILLERY BANDED 

. . .  . . .  3-2 * 1.0 S n 2 STEEL P E  291-345 8, o 4 
J > 3 PARCO- LUBRIZED 

370-424 . . .  . . . . . . . 0.7 a w 
2.B* 440-494 . . . . . .  . . . .  -. O 4 0  120 2 0 0  .EBO 3 6 0  440  5 2 0  

* lieyholinn b~lllctu. ROUNDS FIRED 

F~curtr: 1.1. Conlparison of lancl wear for banded artil- 
lery---type, stccl PE, ancl Parco-Luhrized PE projecliles 

Keyholing bullets occurred alter 280-290 rounds fi,.,>d in th, ,,liber .50 erosi,,,-i,,:si,j,,g at . nll,,zle 
for the steel PE projectiles, and after 425-435 rounds velocity of 3,650-3,700 Ips. 

for the Parco-Lubrixetl s t d  PE project,iles, thereby 
she\\-ing a one and one-half increase in accuracy life. The reduction in wear of the li~nds and grooves is 

i t  is clearly seer1 that the progressive failure of the rcflcctcd in the increase in velocity-life observed~vith 
gilding lnetd band as erosion increases is due entirely barrels fired with P:trco-Lubrized steel PE projectiles. 
to the lower st;redgth of the band in:~t,erittl. For this The observed velocit,~ changes :~t vvsrious stagcs of 
reason gilding metal is not recommended as a b:uld .erosion, compared with t,hose lor banded artillery- 
material when fircd under hypervelocit~r conditions. type projectiles, are sho\vn graphically in Figure 12. 

Friction. Factor. The dccrease in land \\-car due to a Using a 200-fps drop in velocit,y as the crit,(:rion for 
change in coefficient of friction from steel against the vclocity-li[e of the gun, tl-lcsc results, which are 
steel to gilding rnetal against steel is s h o ~ n  in Figure sum~narized in Tnhle 8, shon- a t~voFold increxse in 
10. Curve 1 gives tlhe lnntl cnlitrgernent for the en- velocity-life by lkco-Lubrizing the steel PE projec- 
graving copper-banded p~.ojectiles. C:urve 2 gives the tiles. The same incrcaseinvelocity-life of achromiuin- 
same for thc steel PE projsctilcs. Therefore, thc area plated bore surface \\-is also observed. 
A, bet\\-ocn curves 1 a.nd 2 represents the amount of land 
wear caused by the engraving of thc rotating band. Defined in foot,note (k) in Section 27.3.4. 
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TABLE 7. Land wear of calibcl* .50 barrels fired with pre-engraved projectiles at, :3,650 to  3,700 fps (scc Flgurc 11). 
-- 

Distance Increasc in 1 ~ , n d  dia~netcr 
from O.R. ( l ~ ~ i n . )  

Bullet (in.) After rounds 70 140 210 280 350 500 

Steel PE 0.5 6.4 1 1..4 18.1 22.5 . " . .  .... 
Steel PE 2.0 3.1 7.8 14.4 18.8 . . . .  . . . .  
Parco-Lubrized PE 0.5 3.3 4.9 8.1 11.5 14.5 20.5 
Parco-Lubrized PE 2.0 2.9 3.3 6.8 10.0 12.5 18.2 

E 0 

5 
w - 1 0 0  
U 
z 
a 
r - 2 0 0  
U 

> 
k-300 
U 
0 

d-400 

\ 3 PARCO-LUBRlzED STEEL PE 

50 100 150 200 250 300 

R O U N D S  FIRED 

F l c u n ~  12. Compa1.1son of vcloc~ty change for banded 
art~llcry-type, steel PE, Parco-Lubrized steel PE pro- 
jectiles fired in the caliber .50 erosion-lestrng gun at, a 
muzzle velocity of 3,650-3,700 fps. 

TABLE 8. Velocity life of caliber .50 steel barrels fired 
with bullets having rotating bands of different materials. 

Initial Velocity- 
velocity life* 

Bullet ( f p ~ )  (rounds) (relative) 

Artillery-type (copper banded) 3,657 95 I .O 
Gilding metal banded, PE 3,712 215 2.3 
Steel, PE 3,703 225 2,4 
Steel, PE, Parco-J,ubl.ized 3,646 455 4.8 

* Nurmber uf rounds at which velocity drop errualcd 200 fps. 

31.4.6 Effect of Type of Powder 

In the determination of the erosiveness of propel- 
lants, which is described in Chapter 15, PI3 projectiles 
played an important role. By comparing thc rcsults 

obtained when they were fired with those when banded 
artillery-type projectiles merc fired, it mas possible to 
distinguish between thc amount of wear of the lands 
contributed by engraving of the band and friction of 
the band. As shown in Figure 9 of Chapter 15, dis- 
cussed in Section 15.5.2; this amount is propor- 
tionately much higher for propellants having low 
flamc temperatures, for the powder gas erosion be- 
comes the predominating factor with thc hotter pro- 
pellants. 

31.5 OPTIMUM THICKNESS 
OF CHRO.M:IU"M PLATE 

Altered layers, similar t o  those formed in unpro- 
tected steel (Section 12.1.2), are observed in the steel 
underlying thin chromium plates. Since the formation 
of the altered layer is a thermal effect, the thickness 
of the altered layer produced is a function of the plate 
thickness and of the temperature and heat content 
of the powder gases. Experimental data, obtained 
with caliber .50 and 37-mm guns, suggest that there 
is a definite chromium plate thickness for each gun 
that will give the maximum performance of 1% pro- 
jectilcs. This critical chromium plate thickness is 
determined by the heat input to the bore surface. In 
other words, guns having a high heat input per unit 
asea require a thicker chromium plate than guns 
l~aving a low heat input. 

E 7 
€2 

6 
: y  p 0 5  

'"4 
tL :. 

O g3 
8 - 
P z 2  
Y 
0 1 
t 
b -  0 

0 LOO ?400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 

ROUNDS FIRED FOR 200 FPS LOSS IN VLLOCTTY 

FIGURE 13. Effect of powder type and chromium-plate thickness on performance of PI3 projectiles fired in the caliber 
-50 erosion-lcsl ing gun. 
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In order to vary the heat input per unit :ire& in the 
caliber .50 erosion-testing gun, powders of different 
flame t,emperat,ure were used. Thc thickness of the 
chrornium plate \\-as varied from 0.002 to 0.006 in. In 
all tests the same ballistic level \\-as maintairled; 
namely, a pressurc of 56,000 to 58,000 psi (copper) 
and a velocit~r of 3,600 to 3,BliO fps. The powders used 
were (1 )  IMR, type, flame temperature 2940 I?;; (2) 
FNH-M2, flame temperature 3560 I<; (3) a double- 
base powder containing 40% nitroglycerin, flame 
t,emper&t,ure 3945 K. 

Standard steel-banded PE projectiles (Figure 1) 
\\-ere used in the t,est,s. The barrels were fired until a 
drop in velocity of 200 fps was observccl. The velocity- 
life of the barrels having the various chromium plate 
t,hick~lcsses and fired njth the different powders is 
summarized in Table 9. 

I t  has been she\+-n75n the testing of various chro- 
mium plate thicknesses that there is x limit to the 
thickness that \\rill perform satisfactorily due to the 
brittle nature of chromium. Above 0.008-in. thic,kness, 
chromiunl plate fircd wit11 PE bullots breaks away on 
the lands and esposes gun steel or leaves a, thin layer 
of plate, both of \~-l~ich are very su~ccpt~ible tto gas 
erosion. 

A thick cobalt undercoat (0.007 to 0.010 in,) nest 
to the stet:l followed by a thinner chromium layer 
(0.003 in.) performed w r y  sati~fact~orily in some pre- 
liminary firing tests under hypervelocity conditions, 
using PE projsct,iles, as descril3ed in Section 20.2.4. 

I t  is recommended, therefore, that, when calcula- 
tions of heat input in a pr~rticular gun are very high 
and show the need of n chro~niunl plate thicker than 
0.008 in., that a thick c,oht~lt,-chromiom duplex plate 
be tried. 

TABLE 9. Velocity-life of calibcr .50 barrels firing PE: 
pr~ject~iles as a function of c,hroini~~l~l plrttc thilirkness 
and powrlei*. INCREASE 1N LIFE OF CHR0MIU:M- 

PLATED BORES 
Thickness of Cr plate Rounds fired for s. vclocity 

(in.) drop of 200 fps 

(a) Powdel-: 409; (nitroglycerin content) double-base; 
heat input, 19.6 cd/cm2. 

0 90 
0.003 120 
0,004 130 
0.006 25 180 

(b) Powder: FKH-112 (double-base containing 20 '/, 
nitroglycerin); heat input, 17.1 cal/cn12. 

0 146 
0.0035 470 
0.0045 490 
0.005 765 

(c) Powder: IMH. (single-base); heat input, 14.4 cal/cm2. 
0 362 

0.00225 710 
0.004 1,165 
0.006 2,970 

The above data :ire shown graphically in Figure 13. 
These curves show that when thc heat input is above 
19 cal/crn2, a chromium plate thickncss greater t,hun 
0.006 in. is necessary in order. to obtain the best 
velocit,y performance of PE projectiles. When the heat 
input is between 14 and 15 cal/cm2 the best velocity 
performance is observed with 0.006-in. chromium 
plate thickness. When the heat input is about 17 cal/ 
cm2, good performance is obvcrved with 0.005-in. 
chromium plate, but considerably better perform- 
ance w-uuld have been observed if the plate thickness 
were between 0.00'7 in. and 0.008 in. 

In  the carly firings of chromium-plated bores with 
the usual engraving-typc projectiles it \\:as soon rec- 
ognized that engraving stresses and friction mere s 
major factor in the failure of the chro~niurrl plate. 
,Detailed description of the progress of chromium 
plate failure under hypervclocity conditions is given 
in t,he final report on coat ing~.~Vhe process of erosion 
in chuomiu1n-platjed Service guns is clescriked in Sec- 
tion 20.2.1. 

In general, the failure of a cbrornium-plated surface 
is due to (I) engraving strcsses, (2) bllllet friction, 
and (3) thermal changes at the gun steel-chromium 
interface. The first tn-o items are effective chiefly 
because of the lack of ductility of the chromium. 

The features of chromium platc failure usually 
observed are: (1) cracking of the plate in a block or 
checkerwork pattcm; (2) curling up of the edges of 
the blocks which gives the surface s \\-rinkled appexr- 
ance ; (3) pithing, or reniovltl of small crack-isolated 
blocks of chromium; (4) spalling or rcrnoval of large 
arcas due to undercutting; and (5)) in thc case of 
plates thinner than the critical thickness, tthc forma- 
t,ion of an altered steel layer beneath the plate. 

As mentioned in Section 31.4.4, the wear and fric- 
tion factors in the erosion of gun steel were greatly 
reduced by the use of PE projectiles. Since chromiunl 
plate, because of its high melting point (about 1950 C), 
possesses excellent resistance to powder gas erosion, 
the combination of a chromium-plated bore and PE 
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ROUNDS FIRED 

F'T~URE 14. Progress of land e~osion of plain steel and ch~omium-plated steel bar~bels in thc cdiber .50 erosion-testing gun 
fired with banded art,illery-type, steel PE, and Parco-Lubrieed PI3 p~oject~ilcs at  a nluzzle velociLy of 3,875 to 3,700 fps. 

l'arco-Lubrixed st,ecl projectiles gives exccllcnt per- erosive effects of the powder gases, the rate of erosion 
f ormance. increases very rapidly. Parco-Lubrized PE bullets 

give the longest protection period and the lowest 
31.6.1 Effect on Land Erosion erosion rate after the gun stecl has been exposed. 

In  the following tests double-basc powder was used 
to give a vclocity of 3,650 to 3,700 fps in x 45-in. 
barrcl. The observed increase in land diamctcr at 0.5 
in. beyond the origin of rifling for gun stccl and 0.005- 
in. chromium plate using banded artillery-type and 
steel 13E projectiles is shown graphically in Figure 14. 
The results show that the chromium plate protects 
the steel surface for a definite period. This period of 
protection is much shorter for the banded artillery- 
type bullets. As soon as gun stecl is exposed to the 

Effcct on Velocity Performance 

The velocity change observed r n j  th  banded and PI3 
projectiles fired in gun steel and chromium-platcd 
bores is summarized in Figure 15. 

Using a drop in vclocity of 200-fps as the criterion 
for the velocity-lire of the gun, it  is readily seen that 
Parco-Lubrizcd PE bullets combined with a chro- 
mium-plated bore improves the velocj ty  performance 
of the gun. The performance is shown in Table 10. 

+ 100 

:: 0 
LL 

-100 
LU U 

B -'0° 
-300 

U 1 GUN STEEL - A T  BULLET 
5 -400 
W 2 GUN STEEL- PE BULLETS 
> 3 .005 IN.Cr P L -  A T  BULLETS 

-500 - 4 .005  IN.Cr PL -PE BULLETS 
5 .0  0 5 l n Cr P L -  PARCO-LUBRIZED PE BULLETS 

- 6 0 0  1 . I l 1 1 . .  

0 100 300 500 700 900 1100 1300 1500 1700 1900 2100 2300 2 5 0 0  
ROUNDS FIRED 

FIGURE 1.5. Comparison of velocity change for handed artillery-type, slieel PE and l>urccr-Lubrized Pli; projectiles 
fired from plain steel and chromium-plated steel ba,rrcls in the caliber .50 erosion-testing gun ~ t l  a muzzle vclocity of 
3,675-3,700 fps. 
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TABT.~  10. Comparison 01 vclocity pe~.fol.mnnce. 

Initial Rounds 12elative 
velocity fired for vclocity- 

Bore surface -- h l l e t  (fps) aTr = -200fps lile 

.Gull steel A~tillcry banded 3,675 95 1 .0 
Gun st,ecl PIC 3,703 225 2.4 
0.005-in. Cr plat,c Artillery bander1 3,700 220 2.3 
0.005-in. Cr plstt PE 3,700 975 10.0 
0.005-in. Cr plate Par~o-I~ubrized PE 3,675 1,875 20.0 

The decrease in wear and friction of thc Parco- 
Lut~rized twllets on a chrominm-plated bore is shown 
in thc incr case in velocity-life of the gun.These results 
show that in ordcr to obtsin the masimum perform- 
ance with P E  projectiles i t  is nccrssary to ( I )  Parro- 
T,ubrize all parts of the projectile that rub on thc 
bore, and (2) use a chromiu~n-plated bore having a 
chromium-plate thickness greater than tfhe critical 
thickness necessary to prevent formation of an altcrcd 
steel layer at  the steel-chromiurn interface. 

31.6.3 Effect on .G.ccuracy' Performance 

In one test,, Parco-Lubrized P E  bullets wcrc fired 
in a chromilim-plated bore (0.005-in. chromium plate) 
until keyholing bullets were observed at; 100 ft from 
the ~nuzzlc. This did not happen until 2,775 rounds 
had been fired, whereas with 3 gun-steel bore and 
steel P E  bullets, keyholing started rlfter 248322 
rounds ha,d been fired. Thus the co~nbination of chro- 
mium plate and Parco-Lubrized steel PE bullets in- 
creased the accuracy-life by 8.5 i;o 10 tiincs. 

the same order for larger caliber guns, i t  was felt that 
i t  -\\.auld be ~nbstant~ial. 

As a pre1imin:vy tlo the design of a hypervelocity 
90-mm gun (Section 31.81, it was decided to make a 
hypervelocity 37-rnm gun and observe the perform- 
ance of the PE chromium plat,e combination in this 
gun. With this end in view thc iollocving specifications 
for the gun tube were set up. 

1. h 40-rnm Bofors gun forging (Navy specification) 
length: 88.58 in. 

2. Chambered for 40-rnm case necked down to  
37-mm. (Chamber capacity 29.9 cu in.) 

3. Bored and reanled for a 37-mm projectile. 
4. &fled for Ci grooves of 0.0030-in. depth,\\-ith lands 

and grooves of equal width. 
5.  Lands at  the origin of rifling pointed with a 

30-degrec slope to eliminate "hang-ups." 
6 .  Plated wit11 0.006-in. standard chromium. 
By firing a normal weight pre-engraved projectile 

at  a pressure of 50,000 psi (copper), i t  mas expected 
that a muzzle velocity of 3,500 fps mould be achieved. 

31.1.2 Gun Tube 

31.7 DESICN AND TEST OF THE 37-MM The -40-mm gun forging T\-as chambered, bored, 

GUN, T47 and rifled according to the dimensions shown in 
Figure 16. 

s1.7.1 General Plan The constants for the 37-nun gun, T47, are a,s 

I t  h:u been shown in the preceeding sections th:lt 
a large increase in velocity-life could be obtained in a 
hypervelocity gun by using Parco-Lubrixed steel P E  
projectiles in combination with 3 chromium-plated 
bore. The thickness of the chromium platc should be 
mloh that the temperature u t  the chromium-gun stcel 
interface is ljelo\~- the transition telnperat,ure of the 
steel in order to prevent thc formation of an altered 
layer. 

In tmhe c:tlibc?r .50 erosion-t,esting gun, t\ventyfolcl 
incrcase in velocity-life \vas ohserved. Although thc 
increasc in velocity-life would not necessarily be of 

Lcngth 
Chambcr capacity 
Travel of projcctilc 
Sumber of grooves 
Depth of grooves 
T\\ ist, 
Ratio : nidth of groove/shelling 

width of land 
Land diameter (af tcr plating) 
Groove diameter (after plating) 
Groove ~vidth (after plating) 

88.58 in. 
29.9 in." 
763.58 in. 

0.030 in. 
1 in 25 calibers 

1 
1..457+.002 in. 
3..53.7+.002 in. 
0.375+.005 in. 
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375" CHORD 
AFTER PLATING 

(MACHINE ~o.3eo" 
ON CHORD) 

START OF PLATING 

11 g' ( PROTECT CHAMBER WITH GUT OFF CASE 

BB g" OVERALL LENGTH OF TUBE 6-GROOVES .030" DEEP 
R H  TWIST d~ ONE TURN 
IN 2 5  C A L I B E R S - ~ ~ . ~ ~ ~ ' '  

FIGURE 16. Chamber and rifling of a 40-mnl forging u ~ e d  for the 37-1nn1 gun, T47, to fire YE projectiles. 

Stress calculations were made for the chamber, 
which b-as the critical section of the tube. The results 
showcd that the pressures to be ufied in firing wcrc 
dangerously near the yield point of the stcel. How- 
ever, since PE projectiles were being used, the time 
of maximum pressure was reduced and the radial load 
due to engraving was also eliminated; therefore it 
was felt that the gun tul-)c was strong enough to with- 
stand 50,000 psi (coppcr). Two gun tubes were later 
proof-fired a t  62,000 psi (copper) with no serious 
trouble. 

Chromium plating of the bore surface WLLS t o  start 
rtt a point 11v6 in. from the breech face and procccd 
to the muzzle. i2llow:zncc in thc land di~nensions was 
made so that after machining, 0.002 in. on the radius 
was to be removed by electropolishing, to givc a final 
land diametcr before plating of 1.469 (+.002) in. The 
application of 0.006-in. chromium plate would t,hcn 
givc the specified land diameter for the finishcd tube. 
Allowance in the groove dimensions was madc for a 
25 per cent less distribution of the plate thickness 
than was t,o be dcposited on the lands. 

The groovc dimension was made smaller because 
i t  was cxpected that less chromium would bc de- 
posited on the groove surface than on the land surface. 
This difference in plate distribution was believed due 
to the difference in distances from the anode. Previous 
experience indicated that when 0.006-in. chromium 
was deposited on the land surface, nbout 0.0045-in. 

chromium was deposited on tjhe groove surface. The 
application of 0.0045-in. chromium plate on t,he 
grooves would give a finished groove diameter of 
1.51.7 in. (+.002 in.) 

After plating, the gun tubes were found to be con- 
stricted in the grooves. The grooves were 1.apped to 
1.516-in. diameter -so that rt PE projectile, whose 
maximum diameter across the, teeth was 1.513 in., 
easily passed through t,he bore. The final plate thick- 
ness was found by gauging to be only 0.0045 to  0.0055 
in. on the lands and 0.0030 to 0.0035 in. on the 
grooves. 

31.7.3 Ammunition 

Special ammunition components were also required. 
A PE projectile weighing 1.62 lb and made accord- 
ing to Figure 17 was used as the standard projectile 
to obtain a velocity of 3,500 fps. Other projectiles 
weighing 1.34 lb and 1.92 lb were also madc. Thc 
standard projectile and xssemblcd round arc shown 
in Figure 18. 

The standard 40-mm cartridge case, M22A1, wrts 
resized a t  the neck and shoulder so that a 37-mm PE 
projectile would fit. 

Firings to est,ablish the powder granulation and 
load were madc at  the Ordnance Research Cent,er, 
Aberdeen Proving Ground.240 The results of these 
lirings are given in Table 11. 
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TART,X 11. Powder granulation and load for 37-mm gnn, T47.='O 
.- " -- . -- -- 

Proj. Powder 3luzxlc vclocity (fpa) Pressure (psi) 
wt. Web Charge Mltx. Mean Max. Mean 
(lb) Lot Type (in .) (ox) Mean ver. dev. &[earl var. dcv. 

13231 M5 0.0400 12.10 3,486 22 5.9 35,100 3,300 700 
13231. M5 0.0400 12.82 3,668 24 8.7 40,900 2,200 600 
13225 M5 0.0400 13.10 3,493 I. 7 4.0 43,300 3,900 1,000 
13231 315 0.0400 12.82 3,495 62 13.7 44,200 3,300 900 
13231. M5 0.0400 12.54 3,451 34 6.7 43,900 2,600 700 
13231 M5 0.0400 12.82 3,525 20 5.3 47,700 5,400 1,200 
14822 - M1 0.0231 13.25 3,378 45 11.9 49,800 2,900 900 
Pilot 299 A12 0.0425 12.00 3,284 . . .... 49,800 . . . . . . . .  

13231 %I5 0.0400 12.82 3,344 , 28 7.9 52,400 2,800 700 

* Projcotilo with oht~~mting disk. 

The results of thesc tests showed that a powder 91.1.4 Erosion Tcst 
having the M5 composition and a \veb of approxi- 
matcly 0.0400 in. was suitable as a propellant to yield One of the t~ \ -o  37-mm gun tubes, T47,v-asmountcd 
a muzzle velocity of 3,500 fps within a pressure limit on a modified 57-mm carriage and sent to Abcrdesn 
of 50,000 psi (copper) when using 1.34- and 1.62-lb Proving Ground for :in erosion test. The other one, 
projectiles, with or without an obturnting disk. similarly mountcd, n-2s sent t o  Division 1, NDRC 

ASSEMBLED PROJECTILE 

SHARP CORNERS 

FIGURE 17. PE projectile for 37-mm gun, T47. Solid steel bod,y with aluminum vindshjcld, unobtwated, weight 1.62 111. 
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was under~t~oocl that as other materials became avail- 
able, other tinbes would be prcpsred to test them in a 
gun of this size, and of the same general design. 

As a guide to the choice of specifications for this 
gun, an estensive serics of ballistic calculat' ,low was 
made with the Divisicm 1 system; the results are 
described in Secttion 3.5.5. The choice \vas finally 
narrowed down to a gun having a muzzle velocity 
slightly in excess of 4,000 Ips and an overall length of 
not more than 90 calihcrs. 

Gun Tube Design 

Further ballistic calculations led to adoption of the 
specifications listed in Table 12. Fro~nthenl astre~lgth 

TASLE 12. Basil? specifirations lor 90-rnrn gun, A-Z. 
~.- 

Bore diamctcr (90-mm) 3.524 in. 
T,errgtb of gull 88 calibers 
Weight of projectile 23.8 lb 
Musrzlc velocity 4,200 fps 
Maximum powdc~ pressure 60,000 psi 
Volurne of chrtinber 760 cli in. 
Density of loading 0.80 
Powder type (7-pcrfo~,ate) FSTT-,\I1 
Travel of projectile 281.0 in. 

curve was calculatcd in theuslialmay (Sect,ion26.4.4), 
with the results sl-io\vn in Figure 19. 

One requircrnent determining the choice of speci- 
fications for the tube was that, in the esperir~~ei~tal 
firing the 120-n~m gun mount;, MI be used in order to 
save the time rcquired to make a speci~~l mount. Also, 
consideration was given to the possibility that the 
120-mm breech ring and breech block be used with 
minor rnodificnt,ions. 

The design of the chamber involved several com- 
promises. I ts  total volume was fixed by tjhe basic 
specifications. A long slender case was prcferitble as 
Sar as ~t~rength  of the t,~lbe was co~lcerned, and, in f act, 
the requirement that the 120-mm brcec:h ring be used 
imposed an upper limit on the diamoter of the charn- 
ber at  the rear. As Snr as ease oS fabrication of the 
cartridge case and easc of manipulation by an auto- 
matic loading mechanism cveI:e concerned, a short 
case mas favoretl. The compromise rnaclc between 
these two competing requirements led to a chamber 
that was 34 in. long and 6.0 in. in diameter at  the 
rear. This diamctcr corresponds to a wall ratio of 2.6. 

I t  \\.as decided to make the cartridge case of brass, 
because of unce~ttai~lties regarding the likclihood of 
steel cases being made \\-ith t,he high strrcngth neces- 

FIGURE 19. Strength curvc and pressurc-travel curve for tube of g0-1nm gun, h-Z .  - 
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sary to avoid sticking. Special attention was given in 
the dcsign to the avoidance of cracking close to the 
inside corner of thc base. 

Thc forging design adopted was a nlodification of 
the forging for thc 120-rnm gun tube. TIlc finished 
exterior dimensions a t  the rear were madc identical 
with those for the 120-mm tube, so that the tube 
would fit the mount. The cntire tube was somewhat 
longer (315.0 in. instead of 283.5 in.) than the 120- 
mm, and thc forward cnd was madc with a smaller 
external diameter. With this design the maximum 
strain in the tube at  the origin of riKing was 0.0028 
in. per in. and it, was 0.0031 in. per in. at  the large 
chnnlber cone. These values of strain are closc to that 
which separates s critically stressed tubs from a 
normally stressed one. 

31.8.3 Gun Tubes 

The A-Z project was halted by the tcrminstion of 
Division 1's activities. The preparat;ion of the tube 
forgings, however, was far enough along so that i t  
seemed expcdient to finish them. Six forging blanks 
had been cast from an alloy steel containing nearly 
3% nickel, about 0.9% chromium, about 0.5% 

molybdenum, and shout 0.3.% vanadium. The mini- 
mum yield strength specified was 130,000 psi. 

During machining of the hcat-treated forgingsJ 
cracks in the steel wcre discovered in four of them, 
and they hati t,o be rejected. In one case the cracks 
were not disclosed until the final honing operation. A 
study of the test data, including the examination of 
microstructure, suggested that the reason for this 
high percentage of rejections was poor melting prac- 
tice, which resulted in steel, with too high an inclu- 
sion rating to give the requisite degree of finished- 
surhface continuity. 

r 7  l h c  machining of two tubes was completed a* far 
as the exterior, the chamber, and a smooth bore wcrc 
concerned. Thcse tubes, ready for rifling, were sent 
to Watervliet Arsenal in April 1946, after an agree- 
ment had heen reached with the Army Ordnance 
Department that i t  would complete their manufac- 
ture and test th.ern. The Naval Gun Factory had 
agreed to chromium-plate them with the cooperati.on 
of the Electrockcmistry Section of the National 
Bureau of Standards. The original design of thcse 
tubes had called for pointed lands; but in view of the 
results with the 37-rnm gun, T47, described in Section 
31.7.4, this decision needs to be reconsidered. 
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37-mm gun, M3, revealed that the Fisa protector can- 
not be used with thc present standard a~nnlunition for 
that gun because of excessive interfcrcnce between 
the rotating band and the grooves in the gun. These 
tests arc dcscribed in Section 32.5 and some prelimi- 
nary ones nit11 a caliber .60 barrel in Section 32.4. 

92.2 DESIGN OF T.HII1: :VISA PR0TECTO:R 

Aaa1,ysis of the  function.^ of t'he Fisa 

The most difficult aspect of the development of the 
Fisa protector was thc proportioning of t,he different 
parts. The final design for the.cnlibcr .60 size, which 
is shown in Figure 2, includes those tapers and shoul- 
ders that were found to reduce to  a minimum the 
various types of failure that wcrc observed during 
preliminary firing tests. The design may be compre- 
hended most easily by analyzing the function of each 
of the four sections of t,he sleeve, which are designated 
in Figure 3. 

FINISH ALL OVER TO 
MAXIMUM SMOOTHNESS 

Frsu~~i :  2. Fisa prot,cctor for cali,liber .80 barrel, dimen- 
sionecl hawing. (This figure has appeared as :Figure 30 
in NDRC Report xo. A-449.) 

This part of the sleeve fits over the case neck. It, 
is tapered to facilitate extraction from the chamber 
after firing. Four rectangular holes are punched in 
this section t,o lock the slecvc to the case during fir- 
ing. The extrusion of the brass into these holes by the 
powder pressure perlorms the locking operation. 
Tapcring the external dimension of this section also 
allows for a thicker section in the sleeve and thereby 
aids in a more positivc locking action. 

In order to prevent failure to extract, i t  was found 
necessary to crimp the sleeve to the case, using the 

same crimp that is used on the projectile. This gives 
positive action at low powder pressures when the 
extrusion of the brass does not occur last enough to 
lock the sleeve to the case in a satisfactory manner. 
Another feature that was found essential to prevent 
failure to extract was to  have a carefully con.trolled 
clearance between section G and the centering cylin- 
der of the barrel. 

Thc purpose of this shoulder is to prevent t,he sleeve 
from moving forward during the engru.ving operation. 
This short section is also tapered to facilitate cxtrac- 
ttion of the fired cartridge case and sleeve assembly. 

Sections E and D are the part,s of the sleeve that 
arc engraved. Thc passage ol the projectile through 
this aonc forces t,hc ~netal  in the sleeve into the rifling 
and the rotating band is thus engraved through the 
sleeve. , F7 PROTECTOR ROTATING BAND 

BOURRELET 

t- y t ~ 4  
F 

CARTRIDGE CASE 
\ 

PROJECTILE 

F r s u n ~  3. Thc Fisa protector, schematic drawing. 
(This figure bas appeared as Figure 5 in NDRC Rcport 
No. A-449.) 

The externd dimension of section E is tapered rear- 
ward to give a thicker section having greater strength 
and also to facilitate extraction of the case and sleeve 
assembly from the ohambcr. The internal dimension 
of section E is also tapered in order to distribute the 
engraving stresses over a greater area. 

This section is straight and serves as a die to finish 
the engraving operation. The purpose of this section 
was to  engrave the rotating band completely so that 
the projectile would emerge from the sleeve as a fully 
pre-engraved projectile having 0.001- to 0.002-in. 
clearance between the engraved band and the rifling 



DESIGN OF THE FISA PROTECTOR 611 

FIGITRE 4. Profile of calibcr .50 ba~.r.el ~ I I  region of origin of rifiing, modified to acconmlodatc Fiax proLect,or. ('i'his figurc 
has nppca,rod as Figure 6 in NDRC Rcport KO. A449.) 
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beyond the sleeve. With regular rifling and ammuni- 1.. Keep the thickness of the metal at  0.010 in. in 
tion i t  is not possible t o  attain this ideal condition. order for thc engraving to be sharp, and 

2. Reduce the inside diameter of the sleeve to the 

# 

- Tearing of the engraving parts of the sleeve (scc- 
tions D and E) was the most troublesome type of 
failure encountered. I t  was found that it could bc 
lninirniaed by : 

1. Increasing the ultimate strength of the met,al in 
the sleeve. (This remedy makes fabrication by the 
deep clra~ving process almost impossible.) 

2. Increasing the thickness of the n~et~al in sections 
D and E. 

3. Bcducina the forward cornponenl; of forcc horn 

3.0 3.5 4.0 4.5 
DISTANCE FROM BREECH FACE IN INCHES 

diameter of the body of thc projectile so that i t  would 
havc to be forced over thc bourrelet. 

Even by making thc inside diimeter of the sleeve 
for a caliber .50 bullet 0.003 in. smaller than the 
bourrclet diameter and the thickness of the sleeve 
0.010 in. i t  was possible to obtain only 75 to 80 per 
cent of co~nplete engraving. This meant that addi- 
tional engraving of tho band 11-ould occur beyond 
the sleeve, thereby subjecting the chromium-p1a)ted 
lands in that area to slight cmgraving stresses and 
friction." 

- 
the moving projcctile to a vdue  below t'he yield point 32.2.3 

of the metal in sections D and E by Parco-1,ubrixing 
Modification of the :Rif ing 

or cadmium plating the inner si~rlacc of the sleeve. In order that the asse~nhled rou~ld \+-it11 thc sleeve 
4. Reducing the radial load on the sleeve during can bc chambered properly, i t  is necessary to remove 

engraving by eliminatingt,heinterference bet\\-eenthc metal from the chamber and origin of rifling area to 
rotating band ancl the grooves and providing addition- allow for the thickness of the sleeve. A profile of the 
a1 tind deeper cannelures in the band, in ticcordance origin of rifling rnoclified for t,he caliber .50 sleeve is 
with the experiments described in Section 27.4.2. shown in Figure 4. The various sections sho~yn match 

the sections on the slecvc (Figure 3). 
- 

82.2.2 Extent of Engraving 
d The experience with chromium-plated caliber .50 aircraft 

mechnc gun barrels, described m Chapter 233, demonstrated 
To determine the amolxnt of done that for accuracy in firing long bursts \nth that gun it  is essen- 

thro~iah the sleeve, a caliber .50 barrel \\-as rifled for tial to have the muzzle of the barrel slightly constricted. - 

distaIlce eclual to the length of the sleeve and made Hence it  would secrn urldesirable to have a projectile for a 
mnchinc gun, such as the caliber .GO, co~npletely engraved by 

smootlh bore beyond the sleeve to the ~ n u ~ z l e .  The the ~i~~ protector. oll the other hand, the greater depth of 
thickness of the metal in a serics of sleeves and the rifhne necessarv with the Fisa vrotcctor might malte continu- - 
inside diamctcrs n-ere varied. ~h~ recoIrercd t,ullets ation of engraving dl the u ay down the bore unncccssary. Xu 

this connection it  should be notcrl that in the only tcst of a 
showed that to obtain maximum engraving of the Fisx nrotcctor in automatic ~e (section 32.3.*') the caliber 
band it \\-as rlcccssary to: barrd~ had tapered chrorniunx plate. (Eclitor's note?.) 
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The gun was considered to have ftiiled when (I)  
the velocitj- had dropped 200 fps (end of velocity- 
life), or (2) the niean radius of dispersion at, 100 It had 
inr:reased to three times its init,ial value or keyholing 
bullets \\-ere observed (entl of accuracy-lile) . 

Plug gauge and star gauge rlieasurernents werc 
taken at  intervals to determine thc distrdution and 
progress of erosion of the lands :tnd grooves. 

TABI.E 1. Increase of welocity-life of caliber .50 hsrrel 
obtained by use of Fjaa protector with chronuurn-plated 
bore. 

-A,L,.,,," ,, -" 
, 

",. 

Velocity life* 
(ro~~r~rls) 

,. -- 
GIIII steel b(-)~~c--ccjntrol 00 
0.005 in. chromium-platecl bore-no Fiat1 225 
0.005 111. chromium-plated borc-Fisa protec,tor ,100 

-" .. , 
* N ~ ~ m b c r  of rounds fircd for ;L selocity lo88 of 200 fps. 

32.3.2 Gun Steel Bores 

The results of the tests \\-it,h gun steel bores she\\-ecl 
that the sleeve protect,ecl the origin of rifling against 
erosion by the powder gases, but t,llat the erosion he- 2-300 - 
ynnd the origin of rifling was greater t,han \\-auld be L 

3-400 - 2 CR PLATE-NO FISA - 
observed normally without the use of the slccvc. This s 3 CR PLATE-WITH FISA 

inct*easetl erosion beyond the slecvo is probably y-500 I I I I I 

0 I00 200 300 400 500 600 

caused I:)y ir1crc:tsed turbulence of the poll-der g:tses ROUNDS FIRED 

protlur:ecl 1)y the disc on ti nu it,^^ of the bore surface. I+'roun~ ti. Velocity loss of caliber .50 h : ~ ~ * c l s  fired a t  
Altl-loug11 the decrease in poll-der pressure was rLl l  initial muzzle! vr.locit,y of 3,500 ~'ps: (1 )  unprotec(,c?cI - 

slight, becnuse of the protection of the <?rigin of ri- gun stmeel brimel; (2) ch~.o~ilium-plated bar~.(:l; and (3) 
chromium-plate harrcl with Fisa prulcctor. (This fig- fling by the sleeve, thcrt: was a consitlera)lc increase ure appcrlrcil as .Figul.,: 23 ill IDKC RI:port; 

in dispersion due to the severely eroded lands beyond KC). ~ 4 4 9 , ' )  
the sleex-e. This rcsulted in an accuracy lailure of t,he 
gun after 55 ~.ounds. Without t,hc-: sleevc the control used with bttndecl artil1er~--type projectiles undor con- 
tests gave fin a~cilracy failure of 125 rouncls.'?" diiil.dons of rapid fire. A speainl barrel was llsecl that 

had the same estcrnal cont,ollr as the sttandxrd cali- 
32.3.3 Chromium -Plated Bores 

When the X)orc l.)t.yond thesleevc was prot;ected by 
chromium plate, the accuracy fitilure mentioned in 
the preceding sect,ion \\-as po~t~poned. The gun barrel 
was plated nith 0.005- to0.006-in, st)and:trd dlromiunl 
plate (Section 20.2.2) after electropolishing t,o remove 
this thickness of steel. Tkc plate started :kt tlle 
shoulder at  the breech cnd of sectlion G (see Figurc 
3) and was cont,inuous to tlhe muzzle. 

During t,he lifc of the gun the area near the origin 
of rifling \\-as cotnpletely protected by being beneath 
thc slee\.e. Failure ocomred beyoncl tjhe end of ttlc 
sleeve, althougll t,tle rutc of erosion \\-as mnch slower 
than thnt observctd in the gun steel borc. The use of 
the sleeve in it cliromium-plat,ed borc increased the 
veloc:it,!--1ifc ol tlie gun four times cornpared ~x-it~h gun 
&el \I-ithout t,he sleevc, as shon-n in Ttthlc 1 and in 
Figure rj. 

32.3.4 Browrli~~g Machine G,UII T e s t s  

her .50 aircraft m:ichine gun I-)arrcl. The ];ifling \\-as 
made 0.010-in. dccp, t8he origin ol riflingwas modified 
to  accommdat ,~  tlie sleeve, and the bore was plateclM4 
with chronlium 0.0038-in. thick at the breech end and 
0.0045-in. thick at  the muzzle. 

In the final test of cadmium-plated sleeves the gun 
\\.as fired with u standard charge of IMR powder to  
give a muzzlc velocity of 2,800 fps, A control test \\-as 
fired with a plain s ted ba,rrel and ball b~l le t~s ,  M2. 
Xach barrel was fircd 750 rounds in three groups of 
250 rounds, each group consisting of five 50-round 
ljurst,s fired at  1-min inter\'a,ls [the 5 X 50 (I)  sc,hedule 
as defined in Section 23.1.31 at  a r:yalic rate of 600 to  
B4O rounds a, minute. 

At the end of 750 rounds (three groups) the chro- 
mium-plstcd barrel used \vith t,hc Fisa p~~ot~ectors 
shon-ed no drop in vclocitty and no change in dimen- 
sions a t  the origin oC rifling. '.l'he gnn stcel barrel 
alter t,he same number of ~.ounds showed a velocitv 
drop of 139 ips and an incre~zse in land diameter of 
0.0108 in. at the origi~l of rifling. Furthennore, some 
of the bullets from this b ~ ~ r r e l  keyholed in each 250- 

'l'hc- purpose of thc tests \\-it11 theR~.o\vning.nlnchinc round group, \\hereas none of the bullets fired from 
glln action \\-:is to o l )s r r~c  the behavior of the sleeve the barrel n i th  Fisa protcctnrs keyholcd. 



Although slight tearing of the sleeves was observed 
during the test, this did not interfere with the func- 
tioning or performance of the gun. 

32.4 CALIBER .60 EXPERIMENTS 

Acaljber .BOb:&rrcl, Ordnance Drawing NO. 7160408, 
mas modificd for the sleeve designated as A-104shom 
in Figure 2. The barrel was electropolished and chro- 
mium-plated." Thc sleeves were drawn from coppcr- 
coated, flat sheet steel and cadrnium plated to reduce 
the friction between the band and the sleeve during 
the engraving opcration. 

It was necessary to modily the caliber .BOprojectile, 
T32 (then undergoing test by the Ordnance Dcpart- 
mcnt), by reducing the dixmet,er of the body back of 
the bourrelet by 0.008 in. This was done so that the 
diameter of the sleeve could bc rcduced in sections D 
and E (see Figure 3) and the lands could be deeper in 
the areas designatcd as D' and E' in Figure 4. This 
was necessary to obtain deeper engraving of thc ro- 
tating band of the projectile. The components of the 
assembled round, the assembled round, and a fired 
round are shown in Figure 1. 

A total of 80 rounds was fired, All slecves were ex- 
tracted from the chamber and there was no stretch- 
ing. or tearing of the sleeves. The chromium plate 
fsilcd along the bore on account of a poor bond, and 
firing was discontinued. 

37-MM FIRING TESTS 

A 37-mrn gun tube, M3 was step rifled for the 
Fisa protector and chromium plated after electro- 
polishing. A thickness of 0.0055- to 0.0060-in. chro- 
mium plate was applied. The sleeves were drawnfrom 
copper-coated, flat sheet steel. In asscmbling the 
round the standard M51RI and M51B2, projectiles 
wereusedwith the37-mm cartridge case, M16. Double- 
base powder (FNH-M2) was used in all the tests. 

Preliminary firing tests showed that a crimp was 
neccssary to lock the sleeve to the cartridge case 
strongly enough to insure satisfactory cxtraction of 

the sleeve wi.th the case after firing, in particular a t  
low pressures (30,000 to 40,000 psi-copper). 

In order to reduce the coefficient of friction be- 
tween the sleeve and the band the sleeves mcre coated 
with various low-friction coatings. The following 
sleevcs were tested : 

1. Cadmium-plated-a,s drawn. 
2. Cadmium-plated-anndcd sleeves. 
3. Chromium-plated-as drawn. 
4. Parco-Tdubrized-as drawn. 
5. Parco-Lubrizcd-annealed. 
6. Steel-as drawn. 
7. Brass-machined. 
Results of tests fired a t  50,000-psi pressure (copper.) 

and n velocity of 2,900 fps showed (I)  all the brass 
sleeves were torn ; (2) the cadmium-plated and Parco- 
Lubrizcd sleeves performed better than the steel 
sleeves as drawn; (3) the annealed sleeves were no 
bettcr than the sleeves as drawn; an.d (4) Parco- 
Lubrizing the s1ct:ve surface was slight,ly better than 
cadmium plating it. 

Tt was hoped that the sleeve could be slipped over 
existing assembled rounds without any cha~lge to the 
ammunition. Because of thc cscessive interference 
between the sleeve and the band in the grooves, ho\v- 
ever, a small percentage of the sleeves were torn dur- 
ing engraving. 
h tot,al of 162 rounds was fired in the chromium- 

plated 37-rnm barrel. 1i:scessive erosion of the chro- 
mium plate occurretl a t  the maximum, height of the 
lands and in the grooves just beyond the end of the 
sleeve. This has been attributed to improper a,ppli- 
cation of cllromiuln plate. As mentioned in Chapter 
20, there has not yet been sufficient experience in 
applying thick chrornium plates to this size gun tube 
i;o give assurance of success in evcry plating job. 

Jt is recommended that, further tests of 37-mm Fisa 
protectors be made, using a newly plated tube and 
projectiles having a reduced band diametcr so that 
there is no interlerence in, the grooves. The radial 
load might also be further reduced by increasing and 
deepening the cannelures, as described in Section 
27.4.2. 



Chapter 33 

PRACTICAL IE3Y PERVELOCITY GUNS 
By L. .H, Adams,. J .  S. .Rurlew,h and E. L. Rosec 

33.1 PRESENT STATUS OF THE 
DEVELOPMENT 

33-1.X 'Understanding of the Erosion 
Process 

HE control of gun erosion, has been tlic crux of the 
T h  ypervelocity problem, us was brought out in 
Chapter 1.. The studies d the mechanism of erosion 
conducted by Division 1 have lcd to an unclerstanding 
of the part that different factors play in that process, 
as dcscribed in Chapter 1.3. Guided by this knowledge 
the search for erosion-resistant materials, described 
in Chapter 16, \\-:~s focused on a few metals and their 
alloys. T1w med for fabricating these mat,erials in 
forms suitablc for application to gun horcs led t80 :L 
large number of metdlurgical investigations, de- 
scribed in Chaptcrs IT, 1.8, J.9, and 20. 

Success in this development work has alrcady been 
t~ttained as far as stcllitc liners for machine gun bar- 
rc-:Is and chro~nium pl:tt,ing of such barrels are con- 
cerned, as is recounted in Chaptcrs 22,23,21, and 25. 
The application of these same materials t,o cannon, 
ho11-ever, has not yet bccn realized. Because of thc lilr- 
gcr size, the problem is considerably more difficult. 
The first stttempt to apply c11rt~)mium electroplate to 
a calmon t11 be in conjunction with pre-engraved pro- 
jectiles is dcscribed in Section 31.7. The preliminary 
efforts that have been rna,de to apply stellite and 
molybdenum as liricrs for cannon art: dcst:ribed in 
t,he next two sec,t,ions of this chapter. 

33.1.2 Stellite Liners for Cannon 

Rreech lincrs :tnd linings of Stellitc KO. 21 have 
bcen applied experirncntally t o  37-mnr. gun tubcs, but 
eshaust,ive t'ests have not bccri completed. Plans for 
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this work were startted by Division 1 at  the irlformal 
suggestion of the Ordnance Department,, as soon as 
the first successful tests of a liner of StelliteNo. 21 had 
been made in a caliber .50 aircraft machine gun bar- 
rel, as related in Scction 22.2.2. At that time esperi- 
ence in making large "investment castings" of Stel- 
litc No. 21 was so slight that preparation of lincrs \\-as 
undertaken by other methods also. Because of delays 
in machining the liners made by thc other methods, 
an investment-cast liner also \\-as complctcd in time 
to be included in the group tcsted. 

Two 37-mnl gun tubes, M3, containing bore sur- 
faces of Stellite No. 21 for 20.8 in. forward lrom the 
origin of rifling mere prepared.80 One tube cont,ained a 
flanged investment-cfast liner of st,ellite shrunk cii- 
rc:ct>ly into the breech end d the tube and held in 
placc by a steel breech nut containing a portion ol the 
chamber. This design is essentially thc sitme as that 
employed in the insertioi~ of investn~ent-cast liners 
lor machine gun barrels, shown in Figure 1, of Chap- 
ter 22, except that in proportion to its caliber, the 
II-LLII thickness of the 37-mm liner is less. 

The second tribe \\-ns provided \\.it,h t,\\-o int,er- 
changeable, rep1accat)le steel. liners, similar in design 
to  t,he replaceable lincrs for the 90-mm gun dcscribed 
in Section 26.3. These two steel liners had heen given 
a lining of stellite, applied to the bore surface by thc 
process of progressive static infusion8"dcscribed in 
Scction 19.4.3. These t\\-o liners were prepared in thc 
same way, exccpt t,hnt one of them n-i~s heat-treated 
after the infusion process to increase tfhc strength of 
thc steel. 

The three lincrs \\-ere fired a t  the Ordnance Re- 
search Center, AI)el*cleen P~.oving Ground."l The in- 
vestment-cast lincr and the stamtic-infuscd, heat- 
treated liner 11-ere each fired 104 rounds \\-ith single- 
base powder. After 12 rounds for the establishment of 
charge and proof had been fired, thc liners Tve1.e fired 
at excess prcssure (averaging 42,000 psi, copper) J'or 
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7 rounds, follotved by a total of 85 rapid-fire rounds FUTURE POSSIBILITI~:~ 
(6 rounds ti minute), a t  an average muzzle velocity 
of 2,575 fps lor the investment-cast liner, and 2,510 
ips for the other. After the first I9  rounds there was 
some expansion of the bore diameter, which was 
greatest a t  and near t,he origin of rifling. 8inae no sig- 
nificant changes in bore dinlerisions rcsulted from the 
firing of the remaining rounds, it was concluded that 
the early increase in diameter represented irreversible 
expansion of the liner, caused by 110th. band pressure 
and powder pressure. As a result ol a small decrcase 
in liner length, an opening appeared at  the breech end 
of the liner, permitting the cartridge case to expand 
into this opening, thus causing diffioulties in cxtrac- 
tion. The opening was ohservcd t~ftcr* 29 rounds h:tcl 
been fired and in~ren~sed in width during the firing ol 
the remaining 75 rounds. 

To deter~nilie whether rneltitig ol the stellite would 
take place, t,he iuvestment-ca,s liner was then fired 
43 rounds with, double-Ij:tse powder (E'NH, MM2, ~vhich 
contained 20% nitroglycerin). In order to obtain t~ 

muzele vel~ci t~y of about 2,900 ips, the pressure was 
increased to 50,000 psi (copprr). Eight proof r'ounds 
mcre followed by 10 rounds a t  an average rate of 4 
rounds a mninute, A X)oroscope examination showed :% 

ma~.ked change in the appearance of thc bore s1,irfztce 
a t  the origin of rifling, indicat,ing that fusion of the 
surface had taken pla,ce. An additional 25 rol~nds (at 
a rate of about G a minute) were fired later. 

The third liner-a static-infused liner that had not 
heen heat-treated after the infusion process-was to 
have hccn fired wit,h singlc-base porn-der a t  a highel. 
pressure than that used for the other two liners. Thcre 
was difficulty in achieving the desired pressure with 
the powders a,vailable at  the Proving Ground. After 
29 rounds hed been fired, examination of the liner 
indicated that lack of heat treatment of the steel 
caused no diffir:ulty. 

These firing tests demonstrated that stellite with- 
stands the action ol single-base powder in a 37-mm. 
gun fired at  normal velocities, but that it is melted 
when double-base powder is fired at  a slightly higher 
velobity. They also showed that the stellite is not 
cracked by the stresses of firing in this gun. Appli- 
cation of stellite t,o the bore surface by static infusion 
seems preferable to the use of :Ln invest,ment casting, 
hccause of a change in dimensions or rnovemcnt of 
the liner, which opens a crack at the rear of the liner. 
These tests \+-ere not carried far enough with single- 
base powder t , ~  determine how much better Stellite 
No. 21 resists erosion in a, 37-mm gun than does steel. 

The surface rrlclting ol the 37-mrn stellite liner 
when fired witjh double-base powder h i d  been pre- 
dicted by calculations of the bore-surface temperature 
by t,he IIobstetter method described in Section 5.4.1. 
C:rtlcrxlations for other guns fired at  hypervelocities, 
even with single-base powder, indicat,e that surface 
melting of stelli1;e will occur in general inmedium- and 
large-caliber guns. Hence stellite as such cannot be 
regarded as the complete solut,ion to t,he hyperveloc- 
ity problcm. 

One possible way of circumventing this tiifliculty 
~vould be to cortt the stellite with a m:tler.ial of higher 
melting point, such ss chromium or molybdenum. 
This possi1)ility had I->ccn the moti~at~ion behind the 
effort,s to plate rnolgbdcn.urn or chronliurn on stellite 
by the carbonyl process, a,s described in Sect,jons 21.3 
and 21.6. Although success was not a.cllicved, future 
discov~rics in connr:ct;ion with the carloolzyl process 
or some ot;her plating process might make t,his possi- 
bilitty a reality. 

Even though thc tests oi 37-mm stellite lincrs did 
not result in a doinonstration of wide applicability of 
this material to cannon, the investigation was well 
worth while. The espcrience gained in it is helpful i11 
planning uses for other erosion-resistant mstcrials. 
Thus tll& c11romiurr~-basc alloys descrjbecl in Chapter 
17 are potentially very important as I:)ore-surface 
materials for cannon. As soon as a casting of suitable 
properties has been prepared, i t  will be :I, straight- 
forma,rci job to make it int,o a liner for trial with as- 
surance that the design of the liner it,self \vould Inc 
satj,sfactory. As mentiorled in thc next, section, some 
of t,his experience has also been helpful in planning a 
molybclenum liner for a medium-caliber gun. 

33.1.5 Plans for 
Molyhdenum Liner for 3 -in. Gun 

The tiring tests of caliber .50 molybdenum 1inel.s 
described in Sccbion 18.6 showed that considerable 
progress had been made in iniproving the properties 
of molybdenum so that i t  would be snitable for use a,s 
a gun liner. The next step mas to try a, molybdenum 
liner in a medium-caliber gun, preferably of higher 
than conventional velocity. At the suggestion of the 
Bureau of Ordnance the Navy's new 3-in.1'70-cal. gun 
was selected for this purpose in the spring of 1.945. 
This gun, just then in process of development, was 
designed as a high-velocity vTeapon firing aut~mat~j -  

' 
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callg for a~lt~iaircraft use. The muzzle v e l ~ i t ~ y  is 3,400 C>ONTINCXTIUN OF PROJECT 
fps at a maximunl true pressure of 60,000 psi. The After tcr~ninatioll of Division 1's eontracts the 
gn is intended to be fin'd at a rate of a Navy Bureau of Ordnance contract,e(j rr-ith the Jvest- 
minut,e for as long as one minut,e. The lieding of the inghouse Electric Corporation to continue thc devel- 
barrel under t,l~ese conditions is discussed in Section opment of molgbtlcnum linem. Folio\\-ing further. 
5.5.3. t,ests of caliber .50 models, using molybdenum fabri- 

cated with thc enlarged facilities lnentio~~edinScction 
LINER DESIGNS 18.3.4, it is planned to make preliminary tests ~ ~ - i t h  a , 

Arru.ngcmerlt,s were made to expand the I'ueilities of 
the West,inghouse Lamp Division t,o m:ike possible 
thr: fabrication of larger pieccs of molyl.)den~im, as 
described in Section 18.3.4. Then a planning con- 
ference was held in the office of Division I. on .A.ugust> 
1.5, 1945 (the dw d t e r  V-J Day), at  ~rhich a nuniher 
of Division 1 cor~t,rac,t,or sQconside~cd various me:ms 
of inserting liners of 1)oth rnolybdcnurn : ~ n d  chrom- 
iurri-base alloy in tkc 3-in./70-cai. gun. 

One design of ~l~olybtlenum liner proposed~vassimi- 
lar to the i n \ - e s t t n n - s t  stellite liners. The n1ol)-b- 
denum, n.hich might be fabricated in several stlaves 
(Section 18.5.2') or as a s~alnlevs trtbe (Section 18.5.3), 
~vould be shrunk into thc reccssed guri tu11o :~nd  then 
held iiz place by a short steel ohamber liner. 

A simpler \zag of hnntlling n mnultistavc lincr ~vauld 
bc t,o shrink the stftves int,o a steel c:triier and t,hcn 
insert this composite liner into t,he recessed gun tubc, 
in the smne 11-a)- the composite stcllite 1inr:r 11-as in- 
sertcd in :j. 37-mrn tube (Section 33.1.2). 

Both the foregoing designs ~vould involve recessing 
the gun tube lrom the breech end, IT-hich I\-ould ~riake 
it, necessary also t,o line the chanlber. ,5 \ray ol' &voicl- 
ing this is to make the gun tube in t\vo longitudinal 
segments Ilcld together by locking ring. The rear 
segment, n*hich contains the c:ha~nber, is recessed 
rcar~vard fro111 its frol~t  end to rccei'c'e the liner. The 
front segment is tnr?lcd dorr-n t,o fit, into the; forn-a,rd 
end of this recess and makc :t scal \\-it,h t8he front rnd 
of the liner. This design is a modification of those 
used by the Geophysical Laboratorv (Sc~t~ion 11.2.2) 
and by The Franklirl Insti tilt(: (Soction 11.2.1) in 
caliber .50 guns for testing materials for erosion 
resistance. Another advantage of this design is tlmt 
by using a r~latively short muzzle sect,ion it is simpler 
to chromium-plate the steel bore snrfitc:~ ahcad of the 
molvbdenum lincr . 

J No formal report of this confereucc has been isaucd. It \\-as 
attcnded by  representative,^ of thc folio\\-iilg contract;t>i,ul.s in 
addition to rlivision 1 artd Savy  1<ttrea11 of Orclrluncc person- 
nel: Crane Company,The Franklin Institute, UniouCarhideand 
Carbon Research Lnboratories, ?lTestingho~~re Lamp Division, 
and \Yestinghouse R.esearch 1,aboratodes. 

40-mrn liner of the tn-o-segmcnt design described in 
the prsvious paragraph. The lirst liners nil1 be two- 
stave ones, b ~ l t  i t  is hoped t,h:~,t eventual1~- tube-mak- 
iilg espcriments \\:ill result in a successful seamless 
liner. E~ent~ually i t  may be possible t o  ut,ilixe molyb- 
denurn in tlle form of a seamless lincr the whole length 
ol the gun, as slio~i-n in Figurr. I .  -This design might 
hi: tl-re most econonGc::~.l. 

-4s a culmination of Division 1's inv~stigat~ion of 
erosion-resist:mt matc~ials, the A-Z project \vas under- 
taken, n,hosc ~ l l t in~atc  purposc I I ~ ~ S  thc dcvelopmt-:nt 
ol s gun t ~ i b e  for an entirely neu. mapon which nrould 
emlmdy t,bc hest feat11r.e~ of crosion co~.tro\ developed 
1-13' the l)i~.ision. I t  was hoped that the project TJ-OIII~ 
result in :t gun n-hose velocity n-as tho highest practi- 
cablo. By the introduct,ion of liners or. othcr means of 
erosion control, surface c:t.acking in the structural por- 
tion of the gun tulle -\vnuld bc eliminated. T1.w wa,y 
~vould t>hen be open to n-ork the gun tnaterials at, s 
higher stress and to  llse materials of higher strength 
:~nd loner elongat,ion t,han is perlnissible in existing 
\\,capons. Thc gun ~v:~s to  bc c-lesignetl to  fire both 
high-explosive arid :~~.rnol*-piercing projectiles, so that 
a decision as to its event u:i1 :tpplicstion could bc made 
lator. 

As :I first st,cp, pltms \\-erc fornlulated for an espmi- 
mt'ntal, medium-ca,liher hj-perveloci.ty gun \1-11ich 
co11lt1 bc usccl as a tcsting gun for three t n c s  of es- 
periments : irisertion of rm erosion-resistant bore-sur- 
face mat,crial; trial of a high-strength gun st8cel; and 
ignition of PO\\-der at  high densities of loading, pos- 
si111~- Icndirig t,o the de~olopment of a higher density 
powder grain. 

The design of a SO-mm gun, having a muzzle ve- 
locity of 4,200 fps and a maximum powder pressure of 
60,000 psi, was decided upon. The basic specificatiolls 
for the gun are given in Table 12 of Chapter 31. The: 
first trial Jras to have been with a chromium-plated: 
tube, fired \~i t ,h  pi'e-cngra~;ed projectiles (Section: 
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The evaluation of the actual overall military econ- 
omy of this accomplishment is a matter deserving 
further careful and extendcd study. It is to be hoped 
that the si~nplc approach to the problem outlined 
here m:ly point the ~ v a y  for the conduct of more 
elaborate studies of weapons in general. 

PROS AND CONS OF SUBCALIB~~R ~'ROSECTILES 

Many valuablc ,weapons have been neglected bc- 
cause, in t,he absence of sinlple mt:thods for ana1ytic:tl 
evaluation, resort has boen to opinion or t o  limited or 
inconclusive experience in judging their usefulness. 
The use of subculiber projectiles in standard-bore - 

guns has suflercd this fate. I t  has long been known 
that nluzzle velocities could be increased by use of 
subcaliber projectiles.'" But it has also been known 
that reducing thc caliber of projectiles reduces the 
effective radius of burst of the high-esplosive projcc- 
tile and the relative armor penetration of the armor- 
piercing projectile. It has also been kno\vn that a 
reductio~~ in caliber increases the retardation of the 
projectile and tliereforo its loss of velocity over a 
given range. 

Thrse arguments have been aimed against the use 
of the sribcaliber projectile TI-ithout :my sttcmpt at  a 
quantitative cleterrninat,ion of the point of di~ninish- 
ing returns, the point at  which tihe sacrifices offset the 
gains. The fact that there is a considerrlble region 
within which the nct gains are s~bst~antial  in spitc of 
apparent disadvantages has been completely passed 
over. The fundamental reason behind this 212s been 
the fact that the method of handling the b:~llistic 
computation rlecessary in evaluating guns has heen 
cumbersome and the computatio~ls tfoo labo~.ious lor 
the extcnsive st,udics necessary. 

The ~ncthocls outlincd in this report fire not csact. 
However, their ap~licat~iorl to  problems with known 
solutions shon-s results \\-ithin an accuracy of a few 
per cent. Furthermore, the accuracy is completely 
obscured by the mfi~lyiolrl gains i~ldicated so that 
there is no question as to the validity of conclusions 
except,, possibly, unc-ler estrcnle conditions whic,h lie 
outside of the present region of practical imporf;ant:e. 
The slime methods could nndoubtec-lly be applied, to 
many other problems concerned 1vitl.1 the evaluation 
ol guns. 

'Itaising the velocity of the projectile fired from a 

gun increases the effectiveness of the gun in one or 
more of several mays, depending on the use. These 
may be summarized as follows. 

1. Inunaided (nodirect,or) fire aimed nt a stationary 
or moving target, it increases the al101vat)le error in 
estimating range ~ ~ i t h o r l t  reducing the probability of 
hitting. 

2. In unaided fire airried st a moving target, it 
reduces the necessary lead angle. Since the allowablc 
absolute error in lead anglc is independent of the 
lead and since the abso111t~e accuracy of cstimatirig 
lead is better the smaller the lead, t,he probabjlity 
of hitting is improved. 

3. l n  director-controlled fire against a msneuver- 
ing target, the probabilitfjr of hit,ting increases nlorc 
rapidly than the v e l ~ c i t y ' " ~  since the region into 
which the target (:it11 maneuver in the t,irne of flight 
is diminished in volmme. The probability of hitting 
is greatly increased by attaining an increase in 
velocity. 

4. The thickness of armor tfhnt can be penetrated 
at  a givm rmge incrc?:lses with velocity up to  a criti- 
cal ~e loc i ty"~  at  >-hidl t,he projcctile breaks up; and 
the range at  which a given thickness can be pcne- 
trated increases with velocity. 

When subcsliber anlnlullition is used to increase 
velocity, there is a net gain in effectiveness in spjtc of 
the retluced rclnt,ive effe~t~iveness of the smaller pro- 
jectile. The over:dl effectiveness mag be considered 
ns the product of the probability of a darnaging hit, 
and tlle measure of effectiveness of the hit. As the size 
of the subcaliber projectile is v:vied doll-nward this 
product, for each situt~t~ion, increases lor some range 
of caliber reduct,ion, reaches a maximum, and then 
diminjshes. The o11ly sitrlations in which this is not 
true are those in wllich l;hc probability of hithing is 
not affeoted by velocity (for instance in director-con- 
trolled fire against a fixed target or against a target 
moving on a definitely fixcd and predictable co~~rse)  ; 
or those in which t,hc power of the standard projectile 
is just sufficient t o  destroy the t,iirg;d; md any red,uc- 
tion of calit~er decreases thc de~t~ructive effect. 

In attacks against mnor,  t11~ effectiveness of a 
projectile which has insufficient energy to penetrate, 
is alwr~ys increased 1-)JT the use of 3, subcaliber projec- 
tile, provided that (I) the vclocity rcquired lor pene- 
trat,ion by t,he subc>alil-)er projcct,ile is not above its 
shatter value (see Section 33.2.4), and (2) the range 
is not so great thtlt air-resistance velocity attetluation 
wipes out the potential gain. In antiaircrdt usc, 
wllere the high-cxplosivc projectile has % finite rttnge 
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of effect,iveness of fragmentlation, the gains by the use 
of subcdiber proje~t~ilcs are always very striking, over 
a, large range of target distances and with standard- 
caliber velocities as  high as 6,000 fps. It docs not ap- 
pear that any velocity for the standard-caliber pro- 
jectile attainable with a practicsble gun design is so 
high t)hat the effectiveness of tllc gun in antiaircraft 
service may not be materially improved by the use of 
:L subcaliber pr~ject~ile. 

Therc are three methods for increasing the muzzle 
velocity for a given gun and powdcr charge. 

1. Use ol lightweight, standard-caliber projecti1.e. 
2. Use of a subcaliber projectile \v-ith discarding 

sabot in a standard-borc gun. (See Chapter 29.) 
3. Use of a subcaliher, skirted projectile in a 

standartl-bore gun fitted ~vitli a tapered nluzzle 
adaptor, or in a one-piece tapered-bo~e gun. (Xce 

pro,jectile on irnipact. The gain in pbnetratliun is also 
influenced, probably in a minor way;by the low coef- 
ficient of friction of tungsten carbide on steel. Fur- , 

" t,hermore, tungsten carbide of suitable cobalt content 
shows some increase in shatter velocit,y over steel. 

All these factors cornbine to produce a ~ e r y  sub- 
stantial gain in armor penetration through fhe use of 
tungsten oarbide, rtnd futurc? attempts .t80 develop 
projectiles of increased armor. penet,ration should in- 
clude B concentrated eft'ort to  improve the methods of 
using tungsten carbide. Such efforts should: In part, 
be directed at  the development of a, tungsten c:trbide 
head for a high-explosive, armor-piercing projectile. 
When used as zl subcaliber projectile in n hyperve- 
locity gun, such a projectile should have gre~4t eftec- 
tiveness. 

Chapter 30.) 
33.2.2 

Both types ol subcaliber projectilcs have a con- Veloci-ty Gains Froin the Use of 
siderablc advantage over thc standard projectile ol Subcali.ber Projectiles - - - 
equal weight in that they suife'er less velocity loss lor 

~ I M I T I N G  EFFECT OF POWOEB GAB I<INI~TIC ENF;RGIT 
a given nluzzle velocity, over a given range. The 
skirtcd projectile has a definite advantage over th.e 
sabot-typc projectile of the same ~veight, in, that t,he 
entire initial momentu~n of the skirted projectile is 
available for. sustaining velocity against air. resist- 
ance, ~vhcreas the mornenturn of the sabot is lost at  
the muzzle of the gun. This fact shows up quite 
strikingly in some of the comparisons which follo~v. 
Furthcrmort:, since the skirted projectile fits the bore 
tightly througl~out its travel, it leaves the bore with 
less yaw and its accuracy is mcasurahly superior. 

The development of thc use of tungsten carbide 
cores in armor-piercing projectiles has gone hand-in- 
hand \with the development of subcaliber projectiles 
and guns for firing them. This is not because of any 
unique advantage deriving from the combination, for 
the use of carbide cores in standard-caliber projec- 
tiles possesses si~nilar advantages. However, since thc 
purpose of the subcaliber development has been the 
attainment of the utmost in penetration, the adoption 
of the tungsten carbide core has been a natural ac- 
companiment. 

The gain from the use of tungsten carbide cores 
derives particularly from the high density of the 
materid, which increases the energy dcnsity over the 
impact arca, with a given velocity and from the high 
hardness which keeps do1~11 the deformation of the 

Several years atgo Lang~veiler. fired an 8-nlm/l25- 
caliber gun with a fixed charge of pulverized nitro- 
cellulose powder and with projectiles \*itrying in 
weight from 1..18 times the charge weight to the 
charge weight, Rcsults of these  firing^^"^" shorn quite 
strikingly thc eftect of kinetic energy of the powder 
gasinlimiting the velocity of the projectile. In  part,ic- 
ular they show that the velocity-charge funct,ion 
can be estimated with good accuracy by assuming 
approximately one-fourth of the charge weight added 
to the projcctile 11-t:ight and treating the kinetic ener- 
gy of this combination ns proportional to the powder 
energy. [See equation (4) in Section 3.2.2.1 

Figure 2 is u graph of the Lang~veiler valucs of the 
velocity plotted against ratios of charge t o  projectile 
mass. The curve was dmwn through points ralculaterl 
from equation (I), 

in which Vis the calculated velocity, M is the projec- 
tile mass, and C is mass of charge. The ~tssumption is 
made that a fraction l,/cr, oof the powder gas mhss 
moves with the projeotile. V,; is a const,ant with the 
dimensions of velocity, equal to V whcn il#/C = 
(1 - l /u).  

The value of n was det,er.nlined from the experi- 
mental dat,a in Table 1. In this table, dso, calculated 
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T.~BLE 1. Experimental data from firing of 8-1nm/125- 
cal. g t111~ '~~  
- - .. . 

b',.fi~c: A v 
C1/ ibf fps f p ~  petb cent 

values of velocity are coniprtrcd \z,ith experimental 
values. Fi.ttting the curve t.o the point,s where C / M  
= 44 and C / M  = 3.2, (1 is found to br: 0.247 ant1 VU is 
4,780 fps. The approsirnation is quit,e goocl enough 
for om. purpose. 

Also plotted on Figure 2 arc poir~t~s of velocj.ty 
versus C / d I  from data obtaincd at Pnrderock with 

the 3-in.,/50-cal. Navy gun (Sectmion 4.2.2). 'yl~ese 
points are seen to fit thc curve almost pcrfect1~-. Also 
plot,ted are a nuinber of points obtained with a largc 
varietty of proje~t~ile designs and 1vil;h various pon:dt:r 
grain sizes, from firings \vit,h the 57/'40-1nrnn t,aperecl- 
bore p;un with skirted projectiles (Chapter 30). I t  is 
t,o be noted t,h:~t for lo\\- values of C/111 these 1at)tel. 
point,~ t,end to lie belo\\- tthe L:mg\\,eil~r curve while 
for highcr va1ur:s thr:y tc:ncl to  lie above it. 14owevcr, 
the highest; value attained lies on the curve. There 
are seve~bnl reasons for this behavior. 

1. The friction in the tapered-l.)ore gun is liigli 
a1lc3 lends to clisplact.: thc poilit, of at:l.o velocit\+ to the 
right. 

2. The Srictio~i st low velocities is substantially 
constant and it buconles less important as the po~vcler 
charge increases so the two cm'ves appro:.~ch enah 
ot,her. 

C / M  

FIGCKE; 2. Velocity vs ratio of chargc to projectile. 
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3. The Langmeiler curve was taken with constant 
charge while the 57140-mm data were taken with 
varying charge and nearly fixed projectile mass. 

4. As the velocity of thc projectile increases, sur- 
face friction apparently begins to melt the projectile 
surface material and the lubricating effect of this 
~nolten material reduces the friction; all indications 
are that the coefficient of friction a t  4,000 fps is less 
than 1 per cent. 

5. The relative heat loss, from powder gas to walls, 
decreases as th.e size of the gun increases. Thc thermal 
efficiency of the larger gun is therefore higher. 

6. The horizontal spread of points is due to variu- 
tion of powder temperature and to variation in pro- 
jectile friction from one design to another. Gun wear 
also contributes to this spread. 

The improvenlent in efficiency for higher charge 
and the greater efficiency of the larger gun cause the 
57/4:0-mm curve to cross the Langweiler curve. The 
57-mm standard load is a 6.28-113 projectile propcllcd 
by 36.5 oz ol powder. The muzzle velocity is 2,800 
fps and the charge-projectile mass ratio is 0.37. This 
point lies on the Langweiler curve as do skirted pro- 
jcctilcs fired with 36.5 oz of powder. I t  is therefore 
clear that the skirted projectiles fired from a tapered- 
bore gnn closely follow the performance indicated by 
Langwciler's curve. The velocity periormance of the 
tapered-bore gun or of the gun firing a sabot-proiec- 
tile can be computed from equation (2) 

in, which Vu is the velocity for the standard gun and 
C is the standard charge, for thc standard projectile 
of weight Wo. V ,  is the velocity that would be ob- 
tained from the subcaliber projectile of weight W,. If 
the charge is to be varied, additional d ~ ~ t a  are neces- 
sary to introduce tlic effect of friction and cooling of 
the po~vder gas. Equation (2) provides a simple ex- 
pression for use in determining subcaliber projectile 
velocities lor the purpose of approximate analyses. 

weight of a subcaliber projectile can be related t o  the 
weight of the standard projectile by equation (3) 

in which W ,  is the weight of the subcaliber projectile, 
'Wo is the weight of the ~itandard projectile, p is the 
ratio of subcaliber t o  standard caliber, and u and 0 
are design constants. For a skirted projectile, u is 
approximately 0.16 and /3 = 0. For sabot-type pro- 
jectiles, u is substantially the same and /3 = 3. 

By combining eql~ations (2) and (3), the muzzle 
velocity Vms of a subcaliber projectile is given by 
equation (4). 

V,, = vo . 

As indicated above, the analytical trcatmerlt of the 
relative effectiveness of different typcs and sizes of 
guns hits always been complicated by the trndit,ional 
empirical handling of thc ballistic aspects ol the prob- 
lem. In  general it has not been practicable to effect a 
valid comparison without constructing and firing 
actual full-sized models. It is quite obvious that this 
fact has hat1 an adverse effect on the cost of develop- 
ing ordnance and on the interest taken in the con- 
sideration of the potentialities of new weapons. 

Fortunately, when the field OF hypervelocity is 
entered, t,l-lr: situation becomes greatly si,mplified. In 
unpublished studies of ballistic tables i t  hns been 
found that the ballistic perlormance ol projectiles of 
good aerodyamic design can be treated with sufficient 
accuracy for all purposes except a.ctua1 fire control in 
service, by very simple functions, for a considerable 
range of velocities above t,hat of sound. For gun.s with 
high velocities the accuracy is good throughout the 
range of target distances for which tables aregenerally 
computed. 

Over a considerable range ol velocities above that 
When an homologous series of projectile designs has ol' sound, mith good aerodynamic projectile design, 

been prepared the weights of the projectiles will vary the resistance force varies closely with the three- 
with the cube of t,he caliber. T-Towever, when subcali- halves pocver of the velocity. In Chapter 8 closer ap- 
ber projectiles are fired, additional parts are ncccssary proximations effective over a limited range ol velocity 
to fill the bore, serving to support thc powdcr pressure are indicated. The three-halves power law is quite 
and to guide the projectjlc down the bore. These parts suficiently accurate Sor many purposes up to Mach 
add weight. A rough analysis indicates that the gross numbers approaching 10. 
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When the muzzle velocity is above, say, 2,600 fps, 
the range tables show a maximum variation of range 
for constant time of flight, with varying elevation, of 
only a few per cent. In  the case of the 120-mm gun, 
M1, this variation is of the orcler of only 1 per cent. 
This fact is due t o  the compensating effects of re- 
duced air resistance a t  high altitudes in balancing 
loss of velocity due to gravity. In vicw of these facts 
very good analytical approximations can be made by 
neglecting altitude-density effects and the effect of 
gravity on the flight of the projectile. Under these 
circumstances the differential equation of projectile 
motion along the line of sight may be mitten in the 
form of equation (5)) 

312 

dt' 

in which r is the distance along ttlle line of sight, t is 
the time of flight, and K is the aerodynamic retard&- 
t)ion constant. The solution of equation (5) may be 
written in the forms (B), (7), and (8), 

fit its ballistic table quite well. For instance, for 25 
sec time of flight the range on a horizontal line of 
sight is 14,200 yd. For these conclitions calculation 
S ~ O I P S  that u = 3,000 fps; I<r/2,/;  = 0.432; 
K/2& = 0.0000304; R = 0.00191. Calculations of 
B by means of equation (7) deviate only slightly 
(between 1 and 2 per cent) from corresponding values 
of t given in the range tables. 

When the projectile size is varied while maintain- 
ing constant aerodynamical design, K varies directly 
~vith the cross-sectional area of the projectile and in- 
versely with its mass. Furthermore I< depends pri- 
marily on the nose design and changes in length 
affect i t  little. For subcaliber projectileswemaythere- 
fore write equation (9), 

in which KO and I< are the constants for the s t~ndard 
and subcdiber projectiles respectively. 

In using this relation mTe must bear in mind that, 
in the case of the sabot-projectile, the sabot parts are 
discarded a t  the muzzle. Hence u and P become zero 
for the sabot-projcctile in flight. In tllc case of the 
skirted projectile, /3 isO. We therefore obtainequations 
(10) and (1 1). 

where u is the initial velocity of the projectile, and By making use of equations (4) to (11) wc may now 
T", is velocity a t  range r .  write, for the velocity a t  any range, equations (12) 

The 120-mmgun, 141, is a high-velocity (3,150 fps) and (13). 
gun with a good projectile design. Ballistic computs- For values of p close to  unity, equations (12) and 
t,ions based on the three-hdves power resistance law (13) can bc approxirnated by equation (14). 

KO 
Vr (skirted) = J7r (sabot) = Vr= VO [ l+ 0.25( C/W,) I l l 2  -- 

p3 + 0.25(C/W) [p" 
Z P \ / ~ O  
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I t  is apparent from inspection 'of this relation that, 
while decreasing the projectile caliber always reduces 
the range at  which thevclocity reaches zero, there is still 
a,ln-ays a finjt,e rangc ol tai:get distance within which 
st,riking velocity is increased by r,educing c,alibel.. 

33.2.3 Gains i n  Eficctive~~ess of Fire 
' against Moving Targets Resulting 

from Use of Subcalibcr Projectiles 

From equat,ion (7) and the expressions for R and 
TV/Wo, the t,ime of flight 1 of a subcalibcr projectile 
is found tto he givcn by equations (I 5) and (1Ci). 

For a standard diameter projectile ol reduced 
weight equal to that of the skirted projectile, the timc 
of flight is givcn by ecluation (1.7). 

TABLE 2. R.ati~s of tirxlex OF flight for. various types of 
proje(:t,iles. 

- .- 
10,000-yd range 15,000-ycl range 

p / I  t, l to I,Lll0 t<l/L,, tJto / / / I "  - 
1.0 1..00 1.00 1.00 1.00 1.00 1.00 
0.9 0.00 0.90 0.92 0.!70 0.91 1.12 
0.8 0.76 0.81 1.06 0.81 032 l..ci0 
0.7 0.70 0.73 1.37 0.69 0.82 a 

O.G 0.58 0.86 2.30 0.60 0.89 . . . .  
0.5 0.52 0.08 m 0.61 1-20 . . . . 
0.4 0.44 0.78 . . . .  0.72 3.50 . . . .  

power oi' the projectile itself. Tt is important; to con- 
sider the ~it~uation from the standpoint of overall 
gain. The probi~bili1;y of :I. direct hit is greatly in- 
creased with the subcaliber projectile, but the damage 
depends on the powcr of the hit. When the sise of 11, 

high-explosive shell is reduced, its radius of effective- 
ness may be consid(-:rcd to be proportional to its diam- 

r [p" +(I - pj2(1 + P )  i- 0.25(CIW0)1~'~ 
ta (skirted) = . (15) 

% JC~T p"[p3 + a(l - p)Yl + p) i- 0.25(C/W0)]'/~ [I + ~ . ~ ~ ( C I W O ) I ~ ' '  {I,  - =(,,+ +'[I pj2[l + ppii[l  + (0.25c/m]1/4] 

r 
(sabot) = - -. 

[ p V -  u(1 - pl2(1 + p + + 0.25(C/W0)]','~ 
2 1 3  + p) f K ~ ~ ( c I w ~ ) ] ~ / ~ ~ '  (16) vo [l + 0.25(C/W")] 11 - - 

2dK p[l  f 0.25(C/W0)]~'~ 1 

For purposes or numerical co~npa~*ison the 120-mm 
gun, MI ,  has been chosen as i t  has a good projectile 
design and the normal 1nuzz1.e velocity is high enough. 
so that the approximate analysis a,pplies throughout 
the range of uses. For this gun C/4Mro has the value 
0.11. Tahlc 2 shox-s a comparison of times of flight for 
10,000-yd range kind 15,000-yd range of alcirted an.d 
sabot-proje~t~iles fired from this gun for varying val- 
ues of p. It i s  not practicable to reduce p below 0.5 and 
values of 0.6 and 0.7 L L ~ C  more practical. The value of 
0.4 has been irlcludecl only to show the trend. There 
have also been jncluded colu~lws'of time oi flight t for 
ligl~t~veight,, full-caliber projectiles having the same 

eter do\vn to the point where the fragments becomc 
too small tto eft'ect critical damage. 

The superior performanoc of the skirtcd projectile 
results from the fact that no mass i,s discarded so that 
dl the initial momenturn is available for overcoming 
resistance. It is to be noted that the relative perform- 
ance of either subcaliber projectile is not greatly 
affected by range for values of p of 0.6 and above. The 
effect will, however, becomc more pronounced st 
greater ranges. 'The standard-caliber lightweight pro- 
jectile is obviously of little value except at  relattively 
short range. 

weight as the slrjrted projectile. 'The values shown in EFFECT OF SUBCALIBER ON PROBABILITY 017 
the table w e  the ratios of the time of flight of the DAMAGING IJIT 
reduced projectile l;o that (to) of thc standard pro- 
jectile. The probability of an effective hit is a function of 

Table 2 shows a substantial reduction in time of the number of shells which must be thrown into the 
fligllt through the use of a subcaliber projectile. IPow-- space of future positions of the target to insure 
ever, this is a,t tthe cost of a red~ct~ion in the damage such a hit. This in turn depcnds on the di~nensjons of 
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the vulnerable poimtion of the target and the radius of 
effectiveness of the burst. Numerically it is the rc- 
ciprocal of thenumf~cr of bursts spaced on some regular 
pattern of minirnuln density, sufF.cient for the piw- 
posc, modified by a coefficient which introduces the 
stat,istic:tl aspects of t,he prohlem. For simplicity, a 
fair appi:c>ximat,ion can bc madc by treatling both the 
target a,nd the burst as spheres of raclii R, and Rh 

respectively. Thcrc :ire good Itea.sons why this givcs 
subst~~ntially :is good an appr~simat~ion as a more 
comp1ic:atcd analysis. If t,he bursts nrc plsced s t  the 
cornms <)f s cubical lat,tice having diagonal length of 
2 (Rt + fib j and if TTt  is the volume of future positions 
of the target, the burst,s per hit is expressed by 
qe~~at,imn (IS), 

The probability of :L l ~ i t  is given by ctjuation (19). 

Withatarget subject tothree-dimensional accelera- 
tions a,nd moving a t  spced and with radial accelera- 
t,ion such that  the change of course is 90 degrees or 
less in t.he time of flight of the projectile, the volume 
Tit is approximately proportional t o  the sixth power 
of the time of flight t. The higher the velocity of the 
target the more closely this condition is met. We may 
therefore write equation (20). 

Here Po is a statistical coefficient, l /a is the ratio of 
the radius of a normal burst t o  that of the target, and 
Ra is the ratio of the diameter of a subcaliber projec- 
tile t o  that  of the normal projectile. 

The relative probability of a damaging hit with a 
subcnliher projectile ns connpared with that of n 

nor~nal projectile is given by equation (21). 

It is clear from this equ~t ion  that the probability of 
a damaging hit is highest for the projectile with the 
shortest t.i~ne of flight \\.hen p and a are constant). A n  
analysis of t,he data s h o ~ ~ s  that of the various forms 

subcaliber projectiles, part,icularly those of the skirted 
type, in spite of the eftect of reduced, caliber in di- 
minishing the radius of effectiveness of the high- 
esplosivc burst. For thc sabot-projectile the relative 
effectiveness at  p = 0.6, near the point of grestest 
~~robahility, is only about one-half that of the skirted 
projectile. This i~dv~mt,:ige of suhcaliber projectiles 
 persist;^ into the region where p1.actical considera,- 
t,ions prevents lurthcr reduction of projectile cali- 
l)(-;r. 

The clesign of a deformable, high-euplosi.r:c projcc- 
tile presents certtain clifficulties ~vllich become more 
serious with decreasing values of p. Although thc 
theoretical p~obabilit~y of damage is maximum in the 
neighborhood of p = 0.6 for a range ol10,OOO yd, and 
for lower values of p a t  shorter ranges, the region 
p = 0.7 t,o p = 0.8 is that to which practical consider- 
ations limit design. There is, however, an obviously 
substantial atlvantage to be gained even t,hough we 
are limited to \\.orking in this region. Figure 3 il- 
lustrates graphically thc advantages of subcaliber 
projectiles. 

i\7hile present design considerations tend to re- 
strict the caliber ratio to values of 0.7 and 0.8, Figure 
3 she\\-s the great theoretical advantages to be gain.ed 
by further decreasing p, don-n to values in the 
neighborhood of 0.55. In  fact, in the least favorable 

of light,~i-eight, projectiles of equal power, fired from 0.2 0.4 0.6 0.8 1.0 

the same gun, tlle skirtled projectile has the shortest CALIBER RATIO p 

time of flight. In  an ,zt,tack against a 1naneu~erin.g F l c ; u ~ ~  3. Theorcticnl aclv~tntagcs of subcaliber pro- 
t:lrget, t]lere are ver!- gl.eat advantagEs in t,he use of jectiles in increasing pm1)nbilit~ of d~nnging  hit. 
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case (a = 0), thcre is a gain of the order of 2 to 1 in 
going from p = 0.7 to p = 0.55. This fact creates a, 
great opportunity for further gain by efforts to bridge 
this gap in design. The ultimate lower limit is t,hat 
prescribed by the space availa,ble in the emcrgent 
bore for acco~nrnodat~ion of the deformed rear skirt. 
For powder pressures in the ncigkborhood of 45,000 
psi, this limit is approximately a t  p = 0.5. For higher 
pressures the valuc is larger. The use of higher 
strength material is indicated. This, however, inlro- 
duces a, wear problem and demands developrncnt of 
wear-resistant liners. In the case of high-explosive 
projectiles, the weight of the rear skirt )secomcs irn- 
portant in influencing the stability of flight. For 
designs developed to date i t  would probably be diffi- 
cult to  maintain stability for p less than 0.75, except 
by grcatly increased ratte of spin. However, this mat- 
ter has not yet been, thoroughly analyzed. 

For small values of p :in excessive portion, of the 
availa,ble space is taken LIP by the front skirt. When 
this occurs thc space available for thc high explosive 
is insufficient and the frag~nentat~ion ol the projectile 
is apt to be unsatisfactory. New studies may lead to 
a k~ettcr method for supporting the front end of the 
projectile. Even in the face of these difficulties the 
gains to be made by extending the range of p toward 
0.5 are such that even thoi~gh the relative effectivc- 
ness be substantially reduced by the sacrifice of good 
design there may still be a net gain in increascd 
probability of damage. This aspect of the design 
study is ~vorthy of exhaustive treatment. Further 
consideration needs also to bc given to effect of size 
on damage and the point a t  w11ich the fragmentation 
is such as to produce ineffective bursts against the 
target. 

In the above analysis the standard powdcr case 
and charge are assumed, with only the projectile 
weight varying. A gain in the probability of a dam- 
aging hit is indicated throughout the range of practi- 
cable caliber ratios. For a stttndard burst-to-target 
ratio of unity, which is in the neighborhood of servicc 
conditions, t,hc maximum probability is about 11.0 
times normal, and the probability a t  the present limit 
of caliber ratios (0.7) is 5.5 times normal. This gain 
in chmce of da.mage is obtained a t  no increase in am- 
munition cost but a t  a probable actual reduction in 
cost. In other words, the ammunition cost per hit 
will be reduced to lcss than one-fifth of the present 
cost. By the sxmc token, the same ammunition 
cost can attain damage under rnuch more difficult 
conditions. 

At the present timc the life of the gun is reduced to  
about one-thifd its normal value. Ry the use of stel- 
lite liners (Chapter 1.9) this can undo~ibtedly be rc- 
turned to normal for some guns, or actually increased. 
In other words, almost the entire saving in ammu- 
nition cost can be made cffcclive by such design. The 
most, important aspect of the situation is, however, 
that a given battery of guns, its directors, auxilliary 
equipment, its whole personriel and the equipment, 
personnel, and personnel and fuel used in transporting 
it toits point of use, are rendered five or more times as 
effective. The m.ateria1 adv;intages, when viewed Irom 
this standpoint, are very irnprcssive. 

While the evaluation of the precise conditions is 
not within the scope of the present discoursc, it should 
be pointed out that therc is a rangc for any gun be- 
yond which use of a subcaliber projectile will not 
rcducc thc time ol flight. Furthermore, there is a 
shorter range beyond which reduction of caliber docs 
not increase the probability of a damaging hit. Thesc 
limitations require thorough nnalysis in connection 
with any further studies along these lines. 

33.2.4 Gains in  Armor Penetration by 
Use of Subcalibcr Projcctiles 

The de Marre formula for penetration of armor 
plate by steel projectiles is given by equation (22), 

in which e is the thickness of plate penetrated, d is 
the diameter of the projectile, W is its weight, 19 the 
angle of impact relative to  normal, V the striking 
velocity, and CY and p aro constants. For nondeform- 
able projectiles, log a = 6.15 and P = 1.43. Hence 
cquation (22) reduces t o  equation (23). 

If the projectile energy is kept cons t~nt  whilc it,s 
diameter is varied, the penetration improvcs as the 
diameter diminishes. This improvement continues 
until the impact, velocity reaches the shatter value. 

When tungstcn carbide is used as a projectile ma- 
terial, a! and p both diminish, and the relative pcnc- 
tration is increased. Thc constants are now, however, 
not independent of 0 and thcrc is a region of 0 wherein 



the advantage of tungsten carbide is not so great. On 
the average, tungsten carbide is in the neighborhood 
of 2.5 t o  3.5 times as effective as steel in armor pene- 
tration. This gain is due in part to  the fact that the 
values of a and p are more favorable but also to  the 
fact that for a given value of projectile mass, the 
tungstcn carbide projectile diameter is only about 
three-fourths that of the steel projectile. 

In view of the higher density, a carbide projcctile 
of given diameter has lower velocity than the come- 
spondiny steel projectile for given penetration, and 
since it also bas s higher shatter velocity, it can strike 
armor plate with much more energy than can a steel 
projcctile of the same size. 

The shatter velocity of tungsten carbide is roughly 
thee-halvcs that of steel so a projectile of given 
energy should, on this basis alone, have about t\vo 
and one-half times the penetration of steel. The lnorc 
advantageous values of cx and P produce the additional 
improvement. 

E'rom equation (23) it is apparent that reduction 
of caliber, while rctaining projectile encrgy, improves 
penetration. However, in an actual gun, the powder 
energy is fixed and, as pointed out in Section 2.2, a 
part of this energy is delivered as kinetic energy of 
t,he powder gas. In view of this, the energy of the 
projectile diminishes as the caliber is reduced. Fur- 
thermore, because of less favorable ballistic condi- 
tions, the project,ile strikes the plate with a further 
reduction in relative energy and the advantages of 
subcaliber projet:tiles for armor penetration are there- 
by modified. There is, however, a region of advantage 
in which gains in arrrlor-piercing efYectivcness are 
:tctually attained by the use of subcaliber projec- 
tiles. 

In order to  simplify the present analysis, me neglect 
the mass of skirts and sabots. This is not strictly 
allowable, but the optimutn conditions occur in 
region of values of p for which the error is not serious. 
When this is done, the striking velocity is given by 
equation (24). 

cquation (26) for the rclative penetration is ob- 
taimd. 

For values of p near unity, the expression I - A 
may be substituted for p. Gpon esl~ansion, and with 
neglcct of higher powers of A, ecjustion (26) reduoerj: 
to equation (27). 

I t  is clear tlrat thcre is n set of conditions for which 
e/eo is not increased by changing the calibcr ratio p. 

These conditions are given by equation (28). 

Whcn G,'TFro is fised, thc range at which no increase 
in penetration results fro111 a rcduction of calibcr is 
given by cyuation (29), 

in ~Vhicll TO = 2dT0/1<0. For the 120-mrn gun, C/Wo 
is approximately 0.45, so the raage is 17,000 yd. 

It is thus apparent that gains in asmor penetration 
may be acconlplished out t.o ranges ~vl.lic11 are well 
beyond those a t  ~vhich thcre would be likely use of a 
~ ; lm of this size for the purpose of making dirbect hits 
r~gainst armor. - 

T1-x order of magnitude of the gains resulting from Tnscrting this ~ralue for V in ccpation (23), and divid- 
the use of s~ibcaliber projectiles without change of iilg by equation (25), 
maherial is indicated in Table 3, which has been pre- 

1 TV,TT~Z c0s2 0 "1 43 pared for steel projectiles a t  zero range, for the 
(25) 120-mrn gun lrith standard powder load. 
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TABI~E 3. Rclativc armor penetration from subcaliber 
and standard steel projectiles fircd from 120-mrn gun a t  
zero range. 

P eleo 

While the gains are not so striking as those result- 
ing from the use of tungsten carbidc projectiles, they 
are sufficient to be interesting. 

When the diameter of a tungsten carbide projectile 
is 75 per cent that of the standard projectile, i.ts 
weight is substantially the same, so the muzslc ve- 
locity does not change. Under these circumstances 
the retardation of the carbide projectile is qnly of the 
order of half that of the steel projcctile. The relative 
penetration is given by equation (30). 

Thus we have the remarkable condition that not only 
is the init,ial'penet,ration of the tungsten carbide 
greater, but i t  improves materially with range. In the 
case of the 120-~nm gun, with an equal weight tung- 
sten carbide projectile the relative penetration for 
different, ranges is given in Table 4. The absolute limit 

TABLE 4. Relative armor penetration from tungsten 
carbide-cored subcaliber projectiles and stmdard pro- 
jectilcs fircd from 120-mm gun. 

r (yd) c l e o  

of range for this gun is about 30,000 yd with the steel 
projectile, and double that with the carbidc projcctile. 
The normal ballistic tables extend to about 17,000 
yd. This is perhaps as striking an indication of the 
advantage of the combination of subcaliber and tung- 
sten carbide in projectile design as can be given, for 
i t  combines the effects of increased normal penetra- 
tion and improved ballistics. 

A8 the wcight of the tungsten carbide projectile is 
further reduced, the initial penetration increases and 
for a while there is a continued increase all down the 

line. Ultimately, u point is reached where thc ratio 
of tungsten carbide velocity to stccl velocity is con- 
stant throughout the range of travel, and under this 
condition the pcnctration ratio is constant. This oc- 
ours, however, at a value of p less than 0.2 which is 
well below the practical limit. 

In some respects absolute values of penetration are 
morc significant than relative values. From this stand- 
point it is worth noting that, in the case of the 
120-rnm gun, the equal-weight subcaliber projectile 
has, at  a range of about 2,800 yd, the same pcnetra- 
tion as the steel projcctile a t  zero yd. At 5,000 yd the 
tungsten carbidc prnctration is 85 per cent that for 
steel at  zero range, while a t  10,000 ydit  is 72 per cent, 
and at  15,000 yd 53pcr cent. At 15,000 yd the penetra- 
tion tor stccl is only 9 per cent of that at zcro range. 

33.3 WHAT 0%' THE FUTURE'? 

33.3.1 Continuation of Fmzdamental 
Research 

Although Division 1, by its intensive effort during 
a period of fivc years, made gratifying progress to- 
ward the understanding of erosion and the practical 
solution of the hypcrvclocity problem, it cannot be 
claimed that the prob1r:m is completely solved. Thc 
investigations uncov~rcd a number of new problems 
interesting in themselves and of fundamental impor- 
tance in connection with further improvements in 
gun design. Nearly all parts of the broad program of 
Division 1 could he carried iurther profitably by the 
Army or Navy or by an independent brganization 
operating in conjunction with the Armed Services. In  
the future, great emphasis should continue to be 
placed upon basic research. The accomplishments of 
Division 1 have resulttd mainly from an understand- 
ing of the fundamentals and not from a mere "polish- 
ing up" of previously existing devices. Developing 
arid testing are of course essential, but substantial 
improvements depend on the new ideas that evolve 
as the result of research. Soma of the fields on which 
it appears emphasis should be placed in future in- 
vestigations arc mentioned below. 

33.3.2 Interior Ballistics 

Although important advances have been made 
recently in this field, additional information is needed. 
In  particular, rtn cffort should be made to secure 
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simplified relations bctween the various factors in- 
volved. Furthermore, hypervelocity gun design would 
be facilitated by improvement of ignition and insur- 
ance of uniform ballistics even at  very high densities 
of loading and correspondingly high pressures. 

Much :rdtlitional work needs to be clone before we 
have a complete knowledge of the temperatures in 
vnrious parts of a gun barrel under varying conditions 
ol' firing. Further illvest,igntions should include both 
ewerimental det,emlinnt,ions and nlathcmi~t,ical anal- 
yses. I t  is essent.ia1 to know morc complet,ely the 
temperatures at, the bore surface of guns of various 
sizes under various conditions of firing, in ordsr t,o 
cleal int,elligently with all  aspect;^ of gun erosion; and 
it is tiesirable t,o have full kno~vledge of the tempera- 
tures at, point,s in the wa,ll in order to predict the 
Ix:havior of new designs of gun barrels. Such informa- 
tion is important also in conllection with t,he detter- 
rnination of the value of cooling devices. 

Erosion 

Although -\vc now have n f airlp satisfactory picture 
of gun erosion, flirther studies mould be worth while. 
Laboratory apparatus that would separsltte properly 
the varihus phenomena involved is desirable. For 
esarnple, an improvenlent in the electron bombard- 
ment technique (Section 11.3.2) for producing ther- 
mal eifects that may be completely free from chenlical 
oms would be useful. It is interesting to note that 
although many kinds of laboratory tt3sts relat,ing to 
erosion have been devised, we still do not havt: the 
means of duplicating at  will in a simple laboratory 
apparatus the erosion that takes place in an  actual 
gun. So long as i t  corltinucs to be necessary to test, 
erosion-resistant materials, there will be a need lor 
laboratory apparatus by \vI~icb we may avoid part or 
a11 of thc cumbersome and expensive ttesting tthat now 
must be carried out with guns, which for the larger 
sizes involves vcry considertible cost in money and 
time. 

33.3.5 Bore Friction 

Much effort \\*auld be justified in an attempt to 
secure more complete inforniation on bore friction in 
1-srious types and sizes of guns. This investigation 
might well be curried for\vard as a part of a long-range 

research program of investigations in interior ballis- 
tics, rising all possible experimental and theoretical 
approaches. Rapid and convenient tcchniquea for 
measuring Inure friction would facilitate the develop- 
ment of improved rifling and banding, and in general 
of mcthods for reducing friction, which is the direct 
or indirect source of various difficulties with hyper- 
velocity guns. Further data would be useful in de- 
veloping mcthods for reducing friction by improved 
band design or othernise. 

93.3.6 Liners and Coatbigs 

Recent results on thc sc:lection rtnd application of 
liners and coatings of erosion-resistant mnteriuls are 
encouraging and justify Eurthcr studies. Adequate 
firing tests should be macle of materials such as hard- 
ened molybdenum, chromiuxn-base alloys, and elec- 
troplated duplex coatings or alloy coatings especially 
of cobalt and tungsten. Althougl~ the low fusion point, 
of st,ellite appears t o  limit its utility to small guns and 
rnodcrate mazzle velocities, so~ne further tests would 
be worth cvllile. The theoretical po~sibilit~ies of a hot- 
hard alloy such ns stellite coated with a refractory 
material like molybdenum or chromium are so attrac- 
tive that this particular development should be con- 
tinued until i t  is determined whether or not this 
combination will afford a universal solution of the 
hypervelocity problem, by preventing both erosion 
and flattening of the lands under the most severe 
conditions. I n  this group of projects may also be 
placed further studies on the Fisa protector (Chapter 
32), the advantages of which, either alone or in com- 
bination with other features, have not been fully 
evaluated. 

s3.s.1 Iniproved l'ropellants 

I t  appears quite obvious t,hat it would be well 
worth while to attempt to dcvclop propellants that 
either by low flame temperature or favorable chem- 
ical composition will be less erosive (in proportion to 
energy) than existing propellants. Furthermore, ade- 
quate tcsts should be made on mixtures of single-base 
and double-base propellants having an approximately 
"neutral" chemical action, that is, ones in which the 
cart~urization of the bore is reduced without excessive 
increase of flame temperature (Section 15.6). There 
remains a possibility that by minimizing chemical 
action and the production of low-melting compounds 
on the bore surface, the erosion-resistance of gun steel 



630 PRACTICIL ' I ~ Y P E R V ~ ~ L O C ~ T I  GUNS 

could be significantly improved. Further investiga- 
tions txsing an adiabatic compression apparatus (Sec- 
tion 11.3. I )  might provide a useful clue as to desircd 
compositions for nonerosive propellants. 

33.3.8 , Special Projectiles 

sabot-projectiles (Chapter 29) have been devel- 
oijed that have satisfactory accuracy anti meet the 
requirement of firing through a muzzle brake; but 
further improvements are desirable, and additional 
studies should be made so as to determine the best 
types for various uses. The utility of ta.percd-bore 
guns ~tnd skirted pro,jectiles (Chapter. 30) is worthy 
of t'urthcr evaluation, as emphasized in Section 33.2. 
The prc-engrt~vcd projectile in combination mitth ~t 
chromium-plated barrel (Chapter 31.), which tests in 
a small-caliber gun indicate is a r&arkablY effective 
method for reducing gun erosion and thus making 
hypervelocity practical, should be studied further in 
ordcr to ascertain what conditions of plating are 
necessary for large guns and to find thc most suitable 
projectile dcsigns. In this connection, it  is vital to 
develop simple and convenient loading and indexing 
mechanisms (Sect,ion 28.4) in order to  utilize fully the 
advantages of pre-engraved projectiles for various 
types of guns. Another item that would justify criti- 
cal evaluation is the "booster" projectile, especially 
the t,ype which nt:ar the end of its fight receives an 
a,dditional impulse from a rocket-like mechanism,." 

A similar suggestion is given by Division 8 in its secttion of 
t he  History of OSRD. 

33.s.9 High -Strength Steels I'or Gun 
Barrels 

The use of much higher pressures lor hypervelocity 
guns is an interesting possibility. This would simplify 
the design of such guns, but ~vould scrve to e~nphasize 
the desirability of making gun tubes of st,eel having rt 
strength much higher than that of ordinary gun steel. 
There is good reason to believe that the avoidance of 
damsge t,o t,he bore surface through erosion ~vould 
greatly increase the probsI~ilit,y of favorable belic?,vior 
with steels of high sttrengtjh. 

33.3.10 "Econorn.ic~~~ 01 Gull Fire 

From a broad point of view, the overall, advantage 
of hypervelocity is to be judged by performance in 
relation t,o weight, cost, and mobility. It is vital, 
therefore, to ma,ke a careful determination of the 
optimum conditions for hypervelocity guns so as to 
find the combination of fact,ors that involves the 
minimum consumption of labor and critical material 
per unit of damage. As n rcsult of the new kno~vlcdge 
acaurnulated in the last five years, there can, remaill 
little doubt that the guns of the fut,ure will operate 
a t  velocities higher than in the past,. Hypervelocity 
is advantageous and it  is practicable. h prsctical 
limitation on muzzle velocity is now imposed not by 
physics, but rather by economics. Whether the limit 
beyond which it  will be unprofitable to increase the 
velocity is generally a t  4,000 or 4,500 fps or much 
highcr is to be determined by future assessment and 
halancing of all the relevant factors. 
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Accunacv JIIFE. Tile f ~ u l ~ ~ b e r  of rounds that can bc fired ESR. "Equivalenl Service Rounds," that is, the number of 
from a gun before it hecomcs inaccurate because of crosion. full-charge rounds that is considsred eyuivalent to a larger 
The crit,crion for accuracy-life varies from gun to gun. Cf. nu~nbcr of rounds fired a t  a reduced charge. (See Section 
velocity lije. (See Section 23.1.4.) 10.3.3.) 

AIHL'HAET BABRXL, caliber .50. A 36-in. caliber .50 rxradlirie FEHHITE. A solid solution of not Inore than 0.06% carbon in 
gun barrel made according to Ordr~ancc Dcpartmcnt Draw- the low-ter~lperatme forrrl of iron, ci~lled alpha-iron. Cf. 
ing D35348A or D28272. aus~en~,ir. (Scc Sccl~o~l  12.2.1 ) 

AJ.TERE~ L.4r~n. A thin b y c r  of stccl a t  thc bore surface of a 
gun, t,hc chcmical and physical nature of which difiers from 
t,hat, of the underlying steel because of changes that. have 
taken place duririg firing. (See Sect,ion 12.1.1.) 

ATJSTENXTE. A solid solution of carbon ill t,hc high--tempern- 
lure form of iron, called gamma-iron. CI'. j'ei*~.ite. (See Section 
J 2.2.1 .) 

HALLISTIC LEVEL. The clutrge iltrld pressurc a1 \chich a gull 

F1s.i PROTECTOR. A dcvicc for protcct.ing I.hc borc of a gun 
from erosion. (See Chapter 32.) 

HEAVY BIRREL, CALIBER 50. A 45-in. caliber .50 mschinc 
gun barrel made according to orre of the following Ordnance 
Depart,ment drawings: J328253-11, D28253-A, U28253G3, 
or D2826!)-8X. 

HC PLATE. "High contritction plate,'! a t,ype of chronlium 
plate. (See Section 20.2.2.) 

is Grcd. H ~ r n a v w ~ o c ~ ~ r ~ .  A projectile velocity greater than those 
Bon.iE~an.tvrwr;. A mark or n~arks on t,he bourrclct or body commonly used, arbitrarily t,aken by Divisiori I as one in 

of a projcct,ilc caused by cont,act, with the lands of the gun. excess of 3,500 fps. (Scc Section 1.1.3.) 
(See Scct,ions 6.1.2, 10.4.10.) LC PLATE. ''LO\\- c011tract~ion pl~tc , ' '  t,ypc of cllromiu~n 

BORM PHOFILE. A graph in which is plotlcd eibher t>hc bore plate: (See Section 20.2.2.) 
clia~neter or the change i n  bore dia~nctcr of n gun as r~ func- i l l rcnor~asr~.  A high-intensity light source of very short 
tion of the position along the axis of the bore. (See Section used for photographing moving ol,jects, manufac- 
10.2.1.) tured by the General Radio C:om[)any after a design devel- 

CANNMLUHM. A circ~mferent~i~l groove in a projeclile. oped by I-I. E. Edgert,on. 

Cs~mwrrm. lron carbide, one of the constituenls of sleel, NC. Nitroccllulosc. 
which is sometimes formed on the bore surface of a gun NG. Nitroglycerine. 
durirrg firing. (See Seclrion 12.5.2.) 

L A solution of nitric acid in ethyl alcollol used to etch 
CLOCK POSITKIN. A positiou OII the circ~imEcrencc of Ihc h(nc steel specimens prior to rncLallographic examination. 

of a gun desigr~ated by snalogy wit11 t l ~ c  position oI the hour 
hand on the face of a clock. ~ B T U H K ~ ~ O K .  Sealing of a gun bore against escape of the 

powder gases, either through the hrcech or past the projec- 
COOK-OFF. Thc prcmaturc csplosion of the ponder charge in 

tile. a gun chamber or of ttle liigll-explosive fillcr in a shcll or fuze 
caumd by t,he heat of the gun when t,hc round is left in the PIR~O-LT:BRIZING. A trade-marked process (Parker Rust 
chan~bcr. (Scc Section 6.6.2.) , Proof Company, Uetroit, Michigan) for applying Lo steel a 

\\ear-resistant coal:ing lhal consists chiefly 01 an admixture C o v n r , n ~ ~ .  A correction factor in the equation of state of 
r:rf iron and manganese phosphates. It mas found advan- the powder gases n-hich takes irrto accourlt the space oc- 

cupied by Lhe gas nlolcculcs I;hcmsclvcs. (Sce Section 2.4.2.) rageOus to it On 

CYCLONITE. A high esplosive that bas been used esperi- 
mentally as the active ingredient in a propellant by dis- 
persing the cryslals of l;hc colnpound in a nitrocellulose 
matris. 

DPH. "Diamond pyramid hardness," whicl.1 is ~ncasured by 
rneans of a Vickers hardness t8cst.cr. 

DOUBLE-BASE POWDER. A powder containillg nitroglycerine 
and nitrocellulose as its active irrgredients. 

DUPLEX PLATE. An elect~,oplate consist,ing ol t,vr.o or more 
scparatfi clcct,rnplatcs deposited one on top of the other. 
(See &c,tion 20.2.4.) 

PERRLJNG. The rough~lcss that appears on t,he bore surface 
of a gull that has been liquefied by the p o d e r  gases. ' (See 
Section 13.5.3.) 

RUX. A code narrle for cyclonite, thc active iugrcdient of 
some propellants. 

RPM. Rounds per minutc. 

~:ELOCITY LIFE. Thc number of rounds that can be fired from 
LL gun bcfore its muzzle ve1ocil;y derveases a predeterrnirled 
amount because of crosion. A value of 200 fps was adopt,cd 
for this velocit,y drop for the caliber .50 aircraft barrel 
during World War 11. Cf. accuracy life. (See Sect,ion 23-1.4.) 
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bContracl; continued by Bureau of Ordnance, Navy Department. 
dTritnsferred to Section H. Division 3. 
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Contract No. Contmctor ,Szi6jec~ 

OEMsr-1444 Chrome Gage Corporation, 
Pl~iladelphia, Perm. 

D~vclopment of pilot plent for chromium plating 
caliber .50 machine gun barrels and production 
of not more than 10,000 such barrels. 
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Inductance and Capacitance othcr phases of intcrior ballistics. 
Section,, 
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c&vclal 1;1.~nsf,?r.s of funds from OSRD; work continued after 10/31/45 by a transfer of funds from thc Xavy Department. 
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The projects listed below were tr:insmitted to the Offiuc of the Executive 
Secretary, OSRD, from the War or Navy Department through either 
the Wttr Department Liaison Officer for NDRC or the Office of Resenrch 
and Inventions (formerly the Coordinator of Research and Develop- 
ment), Navy Department. 

Service 
Projecl No. Title 

Ar.m,y Projects 

OD-52 

OD-52 Ext. 

OD-52 Ext. 

OD-52 Ext. 

Hydrostatic Tcsting ol Shells. 

Investigation of Methods lor the Calcillation of the Stresses in the Bases of High-Explosive 
Shell. 

Gun Erosion, Including I-Iypervelocity Gun Studies. 

Stellite Liner for Caliber .G0 Machine Gun B:lrrels. 

Stellitc Liner for Ca,liber .30 Machine Gun Barrels. 

Development of a Satisfactory Proc1ut:tion Process for Nitriding snd Chromium Plating 
Caliber .50 Aircraft Machine Gun Barrels. 

Chromium Pluting of Caliber .GO T17E3 Machine Gun Bttrrcls. 

Study of the Problem ol Excessive Bore Erosion in High Vclocity Aircraft Weapons." 

Theory and Design ol Muzzle Brakes." 

NO-21 Shell Stresses. 

NO-23 Gun Erosion. 

NO-23 Ext. Development of Erosion-Resistant Short Lincrs for the Proposed 3-Jn./70-Cal. Naval Gun. 

NO-26 Hypcrvelocity Guns and Projectiles. 

NO-26 Ext. Advisory Servicc in Regard to the F1e:tting and Cooling Problcms Conncctcd with thc 3-In./70- 
Cal. Rapid-Fire Gun. 

NO-124 nevelopmcnt of an Improved 20-mm Aircraft Cannon to Replace the 1-iispano-Suiza, AN-M2. 

NO-202 Ballistic Calculations. 

"Division 1 served only in an advisory capacity to the Ordnunce Department. 
bTbis projcct w-as transferred to Division 2, NDRC, at, an early stage. 
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cap, 1!11 
dcformable projectiles, 191 
De hlu~.rc hrnlulrt, 587-588, 026 
~nuael: velocity, 192 
nondeformable projectile, lOl-lF)2 
projectile materid, 192 
sabot-project ilcs, 170, 557-538 
scale cl'fcct, 189 
~kiri~ccl projectiles, 585-590 
specific lirnit cncrgy, 189-1'31 
steel, 1!)1 
subcaliber, 192, 626-6328 
tests with 57/40-mm tapered-l~ore 

gun, 585-5110 
tungsten carbide cored, 100, 192 

Artillery-type projectiles lor erosion- 
i,csting gur~ 

con~parison \vilh pre-engraved pro- 
ject'iles, 595 . 

erosion distribulion curves, 3:1,3, 315 
progress of erosion, 316 

Au~tenit~e i11 crodecl gurls 
as solvent, for carbon and nitrogen, 

264,268 
decomposition, 264 
tlcfinition, 245 
det,cct,ion by electron bornbardme~lt~, 

277 
development, 262-2158 
diffraction patterns, 253 
~ncchanical segrcgat,ion, 254 
reactivity, 263-264 
removal technique, 2.57-258 
\~-l~itc! layer on gun bores, 247, 264 

AuLurnatic gun mechanism, 338-556 
(lcsign for hypcr~elocit~y xmmuni- 

tion, 549-550 
dolir~son 20-mm gun, 538-519, 532- 

553 
pre-engraved projeci.ilcs, 551-556 

Axial stresses in shells, 523 
A-Z hypervelocily gun, 74-75, 806-608, 

617-618 

Balcl\~-ill-Southl-arF; sl;r..~in gauge, 90 
Ballistic coefficient, Formula, 164 
Rallisi,ic pendulum, muter, 184-185 
Bnlli~t~ics of guns, interior, 54-162 

see also Ballistics of hyperveloc- 
ily guns, interior 

3-111. gun, 78-94, 135-1.44 
37-mrrl $an, 144-148 
]land prcxsuve and stress, 152-1 62 
hore ft,jclion, 129-151 
densily o T  loading of porn-ders, 633, 69- 

70 
hcnting of gulls during firing, 98- 

128 
instrunlc,iltation for esperim,enlal fir- 

ings, 78-97 
rrlet,hoils of calculation, 62-66 
powder gas, 21-53 
pre-eng~aved projcctiles, 525-527 
resct~rch recommnenclations, 028-629 
tapcred-horc guns, 75 

Ballistics of guns, interior, ecl~at~ions, 
55-62 

hapic proccsscs, 55 
burning rat,cs of poivders, 62 
equation of energv, 57 
equxtion of rr~olion, 55--57 
equ:ltion of stat,c, 36-38, 57-58 
heat and friclion losses, 61-62 
interval uflcr burning, 59-60 
int,crval of burning, 58-50 



powdcr constants, 61 
solution, 58-80 

13allistics of guns, interior, firing test 
measurements, 78-83 

bore iriction, 133-1.35 
ejection of projectjle, 82 
firing pin striking primer, 78 
gun recoil, 78, 80 
jump of gun, 82 
munnle velocity, 79 
photographs of muzzle smoke and 

flash, 82-83 
powder gas pressurc, 78, 80-82 
powder gas temperature, 80, 82 
projectile acceleratioll in gun, 79 
projed;ilc deceleration on range, 79 
projectile t,ravel in gun, 63, 7&79, 

130, 133 
radiation from powdcr gas, 78 
strnin on gun, 82 

Ballistics of guns, inlerior, instrumen- 
tation, 76-97 

rtccelerometers, 89-90 
Carderock range, 76-77 
comparator for dislance measurc- 

ments on films, 94 
flashmeter, 83, 94 
gauges, 82, 90-92, 95-97 
guns, 77-78 
high-speed camcra,s, 93-94 
inicroflash equipment, 83, 94 

...- .. microwave interferometer, 92-93, 
133 

optical ejection indicator, 93 
photography, 82-83, 83-94, 274 
projeclile gauges, 95-97, 133 
protractor for differentiat,ining cmves, 

94-95 
radiation pyrorneler, 92, 94 
recoilmeters, 80, 88-87 
recording apparatus, 83-86 
solenoids for projectile velocity, 91 
strain gauges, 82, 90-91 
wlocimeters, 80, 88-90 

Balli~t~ics of hypervelocity guns, inte- 
rior, 66-75 

design considerations, 70-74 
gun length and muzzle velocity, 74 
limit to muzzle vclooil;y, 67-68, 619 
means of jr~creasing muzzlc velocity, 

66 
90-rnm gun, 74-75 
optimum conditions, 88-70 
p r c c t ~ ~ r a v e d  projectiles, 525-527 
rescarch recommendations, 625-1529 
sabot-projcctiles, 75, 619-624 
subcaliber projectiles, 75, 619-824 

Ballistics of hypcrvelocity projectiles, 
exterior, 163-1 79 

comparison with standard projl;:c- 
tiles, 1.63 

deceleration on range, 79, 624 
drag cocficie~rt for a cone moving 

with high velocity, 175-1 77 
firings of caliber .50 projectilcs, 1.79 
flight characteristics, :l.63-165 
folbmula for dlbag force, 163 
motion of R slightly yawing cone at 

supersonic speeds, 170-175 
photographs of projectiles in flight, 

83 
pre-engraved projectilcs, 528-532 
shock waves in air, 83, 170 
stlability of subcaliber projectiles, 

165-170 
t raje~t~ory determint~tior~ by tracer 

ph~t~og~apby ,  177-1.79 
velocity, 79, 179 

Ballistics of hypcrvelocity projectiles, 
terminal, 180-192 

armor perforation, 189-192, 626-628 
disruption ol a liquid by projectile, 

1 80-189 
Band, projectile 

see Projectile bands, rotating 
Band pressure of gun tubes, 152-162 

band-to-bore friction, 129-1 30 
cause of gun erosion, 275 
correlation with bore friction, 153- 

1.54 
dynamic measuremcnt~s, 159-162 
evaluation, 135, 157, 522-523 
high-speed strain-recording equip- 

ment, 161 
mcasure~nents with 37-mm projcc- 

tiles, 156-159, 181-162 
prediction, 157 
radial stress, 152 
rclat,ion to erosion, 1.59 
static measurements, 156-159 
theory, 152-154 
wear of band, 159 

Barrels (gun) 
aircraft machinc ,gun, 446-453, 458- 

500 
a,lurninum-clad, 480-451 
cannon, 51 1.-512 
centering cylindev, 266 
cooling methods, 121, 124-128 
Fisa protector, 609-614 
free-run, 471 
hcating, 102, 104, 121, 323-325, 466 
heavy machine gun, 22S224, 338, 

414, 453-454 
machine gun, 443-500 
nitralloy, 470 
nitrided, 413, 458-472, 4SIi,-rl91 
special contour, 478 
stellite-lined, 155, 413-414, 443-457, 

473-484 
thermal stresses, 1.54-156 
velocity measurements, 463 

X-ray examination of erosion, 251 
Barrels, caliber .30; 454-458 

chromium-plated, 471-472 
design and manufacture, 454-455 
ercrsjon-test,ing gun, 337 
M1919A6 barrel, 455-456 
nitrided and cl~romium-plated, 471- 

472 
st,cllite-lined, 454-456, 471-472 
test results, 455-456 

Barrels, cdiber .50 
8ee also Erosion-testjng gun 
air-cooling devices, 127 
rtil.crLtft, 446453, 458-500 
band pressure measurements, 162 
chromium-plated, 216,413-414, 458- 

484 
erosion tests, 223-224, 454 
Fisx protector, 611 
heating rate, 116-1 17 
heavy bsrrds, 338, 453-4.54, 471 
need for iinprovement, 446-447 
ni trjded, 458-472 
Ordna'nce department tests, 447-451 
pilot plant prodaction, 451-453,485- 

500 
pre-engnved projectiles, 502,598-599 
rotating projectile bands, 533-534 
slellite-lined, 446-454, 473-484 
thcr~rlal stress, 155 
velocity loss, 449 

Barrels, caliber .60 
chromium-plated, 472 
Fisu, protector, 609-6 10, 614 
nitrided, 456-457, 472 
stellite-lincd, 456-457 

Rarre'ls, chroinium-plated 
see Chromium-plated gun barrels 

Barrels, design, 503-51.7, 6 15-617, 630 
crosion-resistant liners, 503-506, 

513-515 
hypervelocity gun, 615-617, 630 
replaceable stccl ljner., 506-509 
rifling, ,515-51.7 

Barrels, liners lor 
see Liners for gun barrcls 

Barrels, stccl 
sar: Steel for gun berrcls 

Barrels, shesses in. 
w e  Stress in gun barrels 

Battelle laboratory gun, 336 
B~ryllium, thermochemical erosion re- 

sistance, 354 
Beta-rays, mcasurcmenl, 242 
Black powder in guns 

effect on cracking of steel, 299 
effect on gun erosiorr, 297, 299 

Body engraving, 130,21&212, 516-517 
Bofors 40-mm gun mcchanism, modifi- 

culions for firing prc-engraved 
projectiles, 553, 555-556 
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Bore frichion, 125)-151 
body engraving, 129 
componenl: forces, 129-130 
definitive equation, 129 

153-154 
distribution of energy- of thc pol+-der, 

61-62. 148-151 
cflect of prmder gas prcsswe, 1.30 
cffect of t cn~p~mturc ,  !)9-100 
friction ccjcfficier~t, 1,57 
frictior~ factor, 590-600 
friction-time curves, 130-131 
heating effect, 100-101, 104, 116-118, 

135, 31&31!) 
inll>ort,aricc, 120 
pre-errgravcd proje(:lilcs, 594 
reductmion, 27.5, 523 
reserirch recornmcnclations, fi29 

norc friction, dctcrnunation, 130-1 35 
average friction, 135 
fnllir~g weight tests, 132-133 
from bltllistic firings, 133-1 35 
from band prcwsure, 153-154 
int,egra(iori method, 134-135, 147 
measulamenls in T 4 7  gun, 144- 

148 
mcnsurements in 3-in. gun, 135- 

144 
nlicro~l-iivc interferornctcr, 133 
project ilc acceleration, 133-1 34 
projcct,ile gauges, 133 
s l ~ ~ t i c  pus11 t,est s and strai (I mcasure- 

nlents, 132 
summary of mcthods, 130-132 

Bore gauge, clcctrical, 499 
Bore lubricant, 854, 533 
Bore profilc, I 9 7  
norc solt,enii~g by hcat, 261-264 

dcvelopmer~t I : I ~  inart8ensitc, 2(i3 
heatirlg proccse, 261-262 
liyucl'action of surftlcc, 213-318, 258, 

264, 266, 277 
rapid-l'irc guns, 123, Z(j2, 475 
singlc-shot guns, 261-262 

Bore surfact:, coppedng, 217-21 8 
dccoppering rnelliods, 218, 234-233 
definition, 195 
erosion prnilucts, 251-25-1 
f ric( ion, 130 

narc surface, c~tlclcing, 276-279, 319 
nppnratus f (>I' ~t.urlying, 277 
causes, 274, 276-279 
ctwomo-plntecl guns, 213, 1 1  0 
on1;rappecl erosion products, 227-228 
patterns, 212-213 
pitting of surface, 277 
plaques, 236 
poadcr gas erosion, 273,, 276-277 
reaction of sull'm gases \vjth gun 

steel, 209-300 

resistance, 336 
shearing oi lands, 277 
slr'cxs erosion, 277, 279 

Borc surface, erosion 
see Bore surlace, cracking; Erosion 

of guns; Erosiorl products irr gun 
bores 

Bore surfhcc, nlateriltls 
sea Erosion-resistanb mat,crials; Steel 

For gun barrcls; Stellite, metal- 
lurgy a11d properties 

nore surface, penetration 
see Carbon penelration int,o gun stccl; 

Nitroger1 pcnetratior~ inlo gun 
steel 

Bore surfact:, thermal t~~anslorn~at~ion 
cracking, 277, 279 
critical temperature of steel, 262-263 
di~tribul~ion of transformed layer, 

319-320 
effccl; of hydrogcn sulfide, 271.-272 
rnar'tcnsitic l:tYc1., ' 7 4 3  
mct,sllographic cxanlin~tion, 244-246 
rate of format ion of tjrarisfornled 

l,a~'(:r, 320 
relalion to erosion, 321, 323-325 
sof lcning of bore, 261-2633 
(.hicltness of tr:tnsfornied layer, 320- 

321 
troostitc hanil, 247 

Bore-surCnce temperature, 105-115 
conl.inued fire, 112-113 
cont,rol during firing tests, 224, 286- 

287, 303, 461 
~orrelat~ion with erosion rale ol gun 

steel, 323 
effect of bo1.c-sull'uue ~lzalerial, 114- 

115 
cHect of gas Ical\~ngr, 115, 123 
effect of prchcnting;, 114 
effect on reaction of pon-dcr guscs 

with gun. stccl, 250, 269-272, 
286-287, 303, 303-306 

maximum, 118, 131 
nlclting, 113-114, 2.57, 333 

Bore-eurfacc: tcmpcrature, methods of 
dcternuning, 107-112 

comparison of methods, 112 
Fulche~ n~cthod, 108 
fusion temperature of erosion pmd- 

uc,ts, 113-1 14 
I-Iic,l;s, Thornhill, and J T ~ c  method, 

111 
Hirschfelder, Kersh~ler, snd Curtiss 

~~ict~hod,  108--109 
Ifobstetter method, 111-112 
Xorclkreiln n~ct;hoil, 109-111 
t,hermocouples, 105-1 06, 1 13 

British research 
bore-surfnce temperature, 111 
heating of gun brtrrels, 102, 119 

projec,tile clcsign, 522, 536 
wbol:-project;ile, 585-587 

Browning nlacliine guns 
see also Barrels, caliber .30; Barrels, 

calibrl .50 
cook-off Lesb, 121 
modilicat;ions for firing pre-engraved 

yrojecliles, 551-552 
performance, 446 
tests \\-it11 Fisa protector, 613-614 

Rullcts 
sea Projectiles 

Burning ol poll-cler, 21-28, 58-60 
burning constants, 27, 64 
effect of pressure, 35 
effect of radiation, 27-28 
energy relcascd, 38 
crlualion, 58 
firings in closed vessels, 48-51 
intcrval after burning, 5!)-60 
interval of burning, 58-58 
mecbanisrx~, 23-24 
pressure-tl'avcl curves, 63-65 
rate, 24-28, 62 
slugcs, 24 

Cadmium-platecl project ilcs, 354, 535, 
599 

Caliber of guns 
see rrlso Barrels, caliber .30; Barrels, 

caliber .50; Barrels, calibcr .GO; 
Guns, specifir c~libcrx 

effect on heat irlput tn  barrels, 99 
effect on muzzle erosion, 206 
effect on muzzle velocity, 622 
effect, on origin crosion, 200 

Cnlorirnetric metl~ods of mcssuring gun 
heating, 102-104 

Ce,mcras, high-speecl, 82-43, 93-94, 544 
Cannon, automat,ic (20-mm) 

see ,TOXJII~O~ 20-rnrx~ gun 
Cannon tubes 

sco nalTr!l% (gun) 
Cal~acita~ice-resistrtnce acrelaromat,er, 

90 
C,xrhidcs, 253-255 

cbron3iun1, 256-257, 438 
format-ion, 272 
iron, 235-238, 253-257, 263 
molybder~unl, 429 
niclcel, 237-268 
tungsten, 100-192, 433, 572, 583, 820 

Csrbon, radioactive, 33-35, 285 
Carbon equilibrium jn p o ~ d e r  gas, 33- 

35, 285 
Carborl monoxide, reaction xl-itti gun 

st,eel, 289-290: 
anlnlor~iit and hydrogen in the cl.iarge, 

2!)3 
isolation arid idc11t;ification of iron 

carbonyl, 293-296 



INDEX 

sulfur in the charge, 29'1.-293 
weight losses, 290-291 
X-ray analysis of eroded specimens, 

291 
Carbon penetration into gun steel, 267- 

269, 284-289 
xusteniie as solvent, 264, 268 
borc-surface tempcralurc, 286-287 
comparison with surfar:e r.eact,ions, 

267 
conlpounils, 284-285 
conditions for penet,rat,ion, 268 
efiect of number of rounds, 288 
effect of propella~~t~, 288-289 
effects of tempel.aLure, 256-288 
format,ion oS white layers, 269 
iron-carbon system, 2637-268 
method of determining, 285-286 

Carbonaceous ~rrrtterials in eroded gun 
bores, 254 

Carbo nyls, 41 9-424 
chemistry ol', 429-420 
chromium, 434-436 
iron, 225, 227, 293-296, 419-420 
molybdenum, 420-425 
nickel, 419-420 
tungsten, 433 

Carburinstion 
see Carbon penetration into gun stcel 

Carderock firing range, 76-77 
Carnegie Institution of Washington 

conlbination stellite-lined and chro- 
miurn-plated gun barrels, 473- 
484 

esperimentnl bal1isl;ic firings, 76-97, 
159-162, 18&189 

gun barrel liner, 22S224, 338 
nitrided, chromium-plated caliber .50 

aircraft barrel, 458-472 
Cashing, ~nclhods 

centrifugal, 362 
for stellite, 397, 398, 506 
.investment, 597 
vacuum, 359 

Cavit,at)ion erosion 
apparatus for studying, 233-234 
tests, 336 

Cemcnt,it,e in eroded guns, 253-257 
disengagement by attacking steel, 

235-236, 255-257 
eutectic temperature, 268 
mechanical segregation, 254 

Centrifugal in-melting, 362-363, 397- 
398, 5OG 

CGL firing schedule for erosion-testing 
machine gun barrels, 462, 474- 
475 

Chalcocjte, detection in eroded guns, 
252 

Chemical alteration of bore surface 
see Erosion  product,^ in gun, bores 

Chlor~dixing apparal,us for preparing 

molybdenum pcntachloride, 421 
Chrome Gage Corporation, p lo t  plant 

for chromium-plating, 492-499 
barrels handled and processed, 498 
description of projccl, 492-493 
clcctrical bore gauge, 499 
clcclropolit3hing tank, 493 
plan1 mstallation, 493-494 
plat~ng procedure, 495-499 

Chromium, erosion resistancc, 33 1,345, 
356. 358 

Chromium, nlcthods of preparation, 
358-363 

contamir~ated by nitrcrgen, 358 
deoxidized with zirconium, 359-360 
electro-deposition, 344,359-360,417- 

418 
impregnations, 303 
inclusions, 358-359 
induction-heated vacuum furnace, 

357 
thermal decomposition of iodide, 360 
vacuum casting, 359-360 
vacuum melting, 35&359 

Chromium, physical propc~ties, 363- 
36.5 

comparison with gun steel, 363 
ductility, 384-365 
erosion vent,-plug tests, 345,356, 358 
melting point, 331, 358 

Chromium alloys, 36&365 
cobalt, 406 
c1cctroplal;ed coatings, 416-417 
machineability, 365 
nickel-chromium alloys, 351 
physical properties, 363-365 
preparation, 357, 30iF36.3 
research recommendations, 36&369, 

484 
thermochemical crosion resistance, 

345,367-368,406407 
Chrolniuin r-llloys, gun liners, 364-389 

advantages, 365 
chemical resi~t~ance, 368 
disadvantages, 364 
firing tests, 365-367 
mechanical properties, 368 
research recom~nendations, 368-369 
resistancc to powder gas erosion, 

344-345,351, 367-368 
1,hcrmal resistance, 367-368 

Chromlum carbide in eroded guns, 258- 
257 

Chromium carbonyl 
Eonnal;lon, 434436 
Grignard reagent, 434-43.5 
properties, 436 

Chromium plate, 40&415, 434-439 
see ulso Electroplated coattings 
anncaling, 339, 41 1. 

composit,io~~ and propertie 
duplex coatings, 415, 417 
fa~lurc in gun bores, 344, 3: 

410,601 
l~ardness, 408 
plating procedures for different b~ 

surface cracks, 277, 409 
thickness limitations, 408, 600 
types, 410 
vapor-phase deposition, 434-439 

Chromium-plated adaplors for tapcrcd- 
borc guns, 580 

Chromium-plated gun barrds, 411.-415, 
458-500 

caliber .30; 471 
caliber .50; 413-414, 458-471 
caliber 30; 472 
disadvantages, 213 
effect of thickness with pre-engraved 

projectiles, 60iF601 
electropolisbing, 413 
erosion, 213, 216-217, 245, 263-264, ' 

276-277 
fired with pre-engraved pr~jcct~iles, 

600-603,606 
heavy machine gun barrels, 414,471 
high- and low-contract,ion chromium, 

412 
methods of plating, 411-413, 459, 

488, 495499 
naval guns, 356 
90-mm, 606-608, 617-618 
nitridcd barrelr, 413, 4.59-460, 465- 

471, 48G491, 495 
pump plating, 414 
specifications, 413, 460, 491 
ste1lit.e-lined, 413, 471-484, 491. 
temperat,urc-hime curves, 461 
thermally-altcrcd surface layer, 245 

Chromium-plated gun barrels, h i n g  
tests, 46&465 

accuracy measuremenl;~, 463-465 
arnn~unit~ion, 462-463 
firing schedules, 46&462 
Fisa protector, 613 
increasc in ~nurxle velocity and cy- 

clic rate, 462 
pre-erlgravedprojectiles, 592,601,603 
targets, 462-464 
temperature-time curves, 461 
velocity mcasurements, 463 

Chromium-plated gun barrels, perform- 
ance, 465-470 

accuracy-life, 465-466 
advantage of choked muezle, 466 
gauges, 468 
keyholing bullets, 466 
project,ilc engraving, 465 
star gauge curves, 467 



tippers, 4G&469 
vt:loci l;y-life, 466-468 

Chro~nium-plated gun barrels, pilot 
plants, 485-500 

Chrome Gage Corporal,ion, 492-4914 
Doehlcr-Jarvis Corporation, 485-492 
reconmenrlations, 499-500 

Chro~niunl-plated gun barrels, stcllite- 
lined 

see Stcllite-lined and clrromium-plat- 
crl gun barrels 

Chro-mo\\- stcel gun barrels, 470, 483 
Chronogmph, Aberdeen, 223, 309, 463 
Circumfe,rentinl filmrain in gun barrels, 

155-156 
Clinlas 3Iolybdenum Company 

chromium-hnse rtlloys for gun liners, 
356 

~nolybdcnurn carboayl prrpa~.al~ion, 
420-425 

t,hcrmnit meltrng of molybdenum, 
386-387 

vacuunl lilelting of ~ ~ ~ o l y I ) d ~ ~ i u r ~ r ,  
385-386 

Coating$, erosion-resistant 
sec Electroplat,ed coati~lgs; Erosio11- 

~~csistant matc~ials; Vapor-phasc 
plating 

Cobalt alloys, 351-357 
see also StelliOc, mct,allurgy and 

properties 
hardencd iron-niclicl-cobalt-ckro- 

miuln dloys, 351-352, 406-407 
molybcle~lum, 370, 376-377, 383- 

385 
resistance to powder gas erosion, 347- 

348,351 
stmeel, 352 

Cobalt gun liners, 347-348, 406 
Cobalt plating, 415-416 
Cobdt-chronlium alloy gun liners 

see Stellite gun liners 
Colmotloy gun liner, 350 
Columbium, tbermochemical erosion 

rcsistancc, 354 
C:on~parator for distance ~ncasuren~ents 

on films, 94 
Compression of Eases, adiabatic 

apparatus, 231-232, 306-307 
maximum temperatun: and prpssure, 

305 
pressure as function of time, 306 
reactions with stccl, 305-307 

Contact printing for sludy of crosion 
products, 240, 252 

Cont,inuous rccoilmc(cr, 87 
Cook-off in guns, 117, 121 
Cooling of gun barrels, 124-128, 481, 

484 
sr>e crlso J-Ieating of gun barrel during 

firing 

air blasts, 121, 126-127 
ro~rvcct~ion, 126 
coolants, 127 
devices, 125 
Injection sprays, 127-138 
radiat)iorr, 126 
rates of cooling, 117, 124, 12(i 
water jackets, 127 

Copper crusher gauge, use in el.osion- 
testing gun, 300 

Copper for gun barrcls, 353-354 
Copper potassiurn chloride lor rc- 

movtll of erosio~l products, 235, 
255 

Copper sulfides (gun erosion product), 
252-253 

Coppering of gun bores 
(lecopperirig methods, 218, 234-236 
clefinition, 195 
er~lrappcd erclsion products, 235, 

251-254 
Erid:ion, 100, 130, 135 

C:orrosion of borc surftlcc 
see Borc surface, t,hcrmal t,rarisforma- 

lion 
Cracking of bore surface 

see Bore sudacc, craclring 
Crane Company 

gun liners for testing n~af,crials, 224, 
338, 443444 

Incans of inserting resistant gun 
liners, 443-446, 50'3-504, 615 

pi101 plant for mtmnufaclorjng stellite- 
lined barrels, 451-483 

replaceable steel liner, 507-512 
Crystal &cceleromete~, 80, 90 
Crystal gauges, pieaodect,ric, 96-97 
Cyanirles in eroded guns, 219, 253 
Cyanogen in powder gases, 272 
Cyclonit,e (propellant), 21 

erosivcness, 322, 327 
reaction products, 289 

Cyclops KL gun liners, 352 

I>ecoppering of gun bores, 218, 234- 
235 

Deforlllablc projectiles 
see also Skirted projcctiles 
armor penet,rat,ion, 191 

De hlarre formula for projectile pew- 
tration of armor, 190, 587-588, 
626 

Die surfaces, molybdenunl-platcd, 432 
L)iffraction techniques for studying gun 

erosion 
see Elcctron diffraction, gun erosion 

studies; X-ray ditfractiom in gun 
eroeion studies 

Uislts, rupture, 225, 228, 31.0 
Doehler-darvjs Corporation, pilot plant 

for chromium-plating, 48.5-492 

dimensio~ls of nitrided-plated barrcls 
with choked nluzzles, 489-491 

procedure for nitxided barrels, 486- 
489 

stellitc-lincd gun barrels, 401-492 
Double-basc powders, 'erosivcness 

see Powders, double-base, erosivcness 
Dowmetxl sabot-projeclilcs, 562 
Drag cocficient, 175-177 

conicd-headcd projectile, 176 
drag function, 1 7fi 
effect of body engraving, 211 
effect of yaw, 175-176 
formula, 163 
function of Mach number, 175 
reduction of drag, 532 
suggestions for furthcr research, 176- 

177 
Drrtw rifling process for gun t,ubes, 504 
Duplcs coatiings, 346, 41.5, 428 
Durd  sabot-projectiles, 562 

E6 lhcrmiridcs paint, 107 
Eberbach Microvickers hardness t,cster, 

460 
8-in. hou-itacr, Mark VIX, 1.24 
Ejection indicator fur guri tubcs, 82, 93 
Electrical bore gaugc, 499 
Electron bombardment, gun erosicm 

studies 
appartttus, 232-233 
cracking of borc surfacc, 277, 335 
formation of austeriite, 277 
thcrnlal shock, 277 

Elcctron difYr.action, gull erosion stud- 
ies, 2:37-239 

comnparison ~ - i ( , h  X-ray diffwct,ion, 
237 

det,cctiorl of cyanides, 249, 253 
dct,ec,tion of magnetite, 270 
diffraction pat)terr~s, 237 
crosion products from difierent pow- 

ders, 249 
erosion products from sulfur, 298-299 
limitatioris, 237-238 
microplor, 238-239 
tcst bl(:)cks exposed to poadcr gases, 

249 
unirlentjfied lincs, 239 
vent plugs, 228, 230 

Electronic pulsers, 86 
Elertroplatsd coatings, 40&418 

sea ako  Chronliurn plate; Vapor- 
phase plating 

alloy deposition, 41 6-4 17 
availability of elcctrodeposited met- 

als, 408-403 
characteristics, 408, 418 
cobalt, 415-416 
currcnt distribution cluring plating, 

498-499 



gun harreh, 411-415, 458-600 
n~olybdenuni, 400, 417 
nickel, 350, 415-41(', 
pump pln,ting, 414 
requirernenl)~, 408 
yesearch reco;~mnlcndations, 417-418 
tantalum, 409 
tungsten, 417 

Electjropolishil\g t,anl< lor chrorniuln- 
plating, 413, 488, 493 

Elkorritk 
projectile nose tips, 583 
resistance to powder gas erosion, 346 

Energy distribution of gun powder., 
148-151. 

average temperature, 148 
energy balance dul,ing burning, 38, 

149 
energy equation, 148 
heat,, 1.48-149 
kinetic energy, 148, 620-622 

Energy of pyojeci,iles 
equation, 57 
in wa,tar, 186-187 
kinetic, 1.48 
loss durit~g fligl~t, 163-164 
loss in gun firing, 61-62, 98-99, 

163 
spccific limit energy Tor armor per- 

foratior~, 189-191 
Engrn,virrg oT projectiles 

see Pre-engraved projectiles; Pi,ojec- 
tile engraving 

Epsilon j,ron nitricle In eroded guns, 
255-2.56 

detection, 249 
mneohanical segregal;iom, 255 
nitrogen corrtent, 268 
stabili tv, 253 
surfacc layers, 256 

Eqpations of inherior ballistics 
see Ballistics oI guns, interio~,, equa- 

1;ions 
Equivalent stress in gun tubes, 511 
Erosion of guns, 195-327 

asymmctry, 203, 207-208 
corre1,ation with thermal transfonna- 

tion, 32:3-325 
clefinition, 195 
groove erosion, 195, 198, 203 
hypervelocity guns, 11, 33,. 16, 615, 

629 
land erosion, 195,' 198, 203, 277, 602 
liner joint, 202-203, 255, 274, 403, 

1-76, 508 
measurement,, 197-1.98 
muzzle erosion, 105, 203-21.2 
origin crosion, 195, 198-203, 207 
powder gas crosion, 272-275, 283- 

327 
prc-engraved projectiles, 31.3-317 

INDEX 

relt~tian to nwde  vclocitty, 1.0, 200- 
201, 206 

research recom.mendations, 62!3 
scoring, 274 
swaging O F  rifling, 123, 216, 275-276, 

458-459 
Erosion of guns, borc-sudace reactions, 

267-272 
sea also Bore surfacc, cracking; Cop- 

pering of gun bo1.e~ 
carbon penetmtjon, 264, 267-2639, 

28-W289 
equilibrium curves, 271 
hydrogen sul Me, 271-272, 294 
1iqueS.faction of bore surfacc, 213-21 6, 

264, 266, 277 
nit,rogen compounds, 267-269, 272, 

300-304 
oxidation, 267, 260-270, 283 
pcbbling of surface, 215, 278-279, 

319 
softening of 1,he bore, 213-216, 261- 

264, 266, 277 
thcrmal t ransiolmatior~,  262-264, 

31.9-325 
watcr gas con1ponents, 269-371 
white layers, 247, 256, 284, 260 

Erosion of guns, causes, 244, 260-279 
bore design, 276 
bore friction, 275 
chemics,l faci;ors, 260, 267-272, 333 
cracking of bore surface, 276-279 
distortion of rifiing, 218-217 
effect of chromium-plntc, 263-264, 

410 
ga,s leakage, 273-274, 592-6!)1 
inclusions, 215 
liquefaction ol bore surface, 21 3-216, 

264, 268, 277 
mechanical, 272-276, 333-334 
mushrooming, 263 
powder composition, 297, 2'39-300, 

307, 326-327 
principal factors, 260-261 
projectile, 558 
stress, 230, 279 
sulfur, 296-300 
t,herrnd Factors, 120-121, 154-156, 

261-267, 277, 51 3-514 
Ei.osion of puns, labolatory studies, 

219-243 
see cdso Erosioil prcducts in gun bores 
appa,ratus Cor cavllation erosiorl, 

233-234, 336 
culiber -30 barrel, 286, 294-295, 297, 

302 
caliber .50 elmion-testing gun, 220- 

233, 309-310, 336-337 
caliber .50 machine guns, 223-224 
chemical analysis, 239-240 
collect,ion of p31,ticles and gases dis- 

ckarged fnorn gun bar~rrel, 230- 
23.1 

determination of the mclting tem- 
peratures of erosion producls, 
240 

electron bombardment apps,ratus, 
232-233, 277, 335 

electron diffraction, 328-2330, 237- 
239, 249, 270, 298-299 

firing tests, 220-231 
gauges, 197-198, 222-223, 225 
isot,opic t,racers, 240-243, 285, 297 
metallographic esaminatiori of croded 

surfaces, 236-237,244-246,319- 
321 

vent; plugs, 224-232, 31 0-311, 332- 
323, 334-335 

visual examination of eroded sur- 
faces, 236-237 

,, X-ray diffraction, 237-239, 248-251, 
291, 301 

Erosion of guns, mitigation. 
see also T,incrs for gun bs~rels  
elcctropluteil coatings, 408-418, 460, 

488 
Fiss protector, 60941 4 
modificatioo. of powd,ers, 283, 300, 

307, 325-327 
pre-engraved projectiles, 591-608 
require~nents, 408 
test ol Serrosilicnn, a27 
t,liermodynamic considerntions, 326- 

327 
Erosion producLs in gull bores, 244- 

269, 321-322 
collection of gases and particles, 230, 

249, 301, 336 
cornparison of single- and double- 

base powders, 248-251 
entrapped in the coppcring, 251-254 
fusion temperatu~~e, 113-1 14, 240, 

258 
melting, 257 
vinylii,e coe,lirigs for e~aminatiorl, 

236 
Erosion products in gun bores, removal 

tcchniquca, 234-236, 254-258 
by attaclciing thl: steel, 235-236 
chemical rcmoval, 255-258 
copper potassium chloride solution, 

235, 255 
coppering sncl entrapped products, 

234-235,251-254 
decreasing of test specimens, 234 
fl.actiona.tion of erosion producls, 238 
mccl-1anica1 removal, 284, 254-255 

Erosion produchs in gun bores, specific 
substances 

nla\~andite, 236 
&ustenitme, 247-240, 253-254, 257- 

258, 262-264 



INDEX 

cemn~nt~ile, 235-236, 253-257, 268 
chronlium carbide, 25(3-267 
cyanides, 249, 253 
epsilon iron riit~.idc, 2.19, 253, 255- 

256, 268 
ferrite, 248-219 
galena, 262 
iro~l carbides, 253-257, 288 
iron carbonyl, 225, 2'27, 293-296, 

,41.9-420 
iron nit,~,ir:lcs, 233, 255-256, 268 
iron osidcs, 273 
lead, 252 
magnetite, 254, 270, 306 
mart,ensit,e, 263 
nickel c;trl>ide, 257-258 
nitrides, 255-2513, 268 
pot:tssium suli':~!.~, 252 
pyrrohotite, 254 
sphalerite, 253 
iviistite, 249, 253 

Erosion products in gull bores, su~l'acc 
laycrs, 241-248, 255-258 

aus1,cllite-rich layers, 257, 262-264 
cclncntite-1.ich layers, 256 
characteristics, 244 
chrollllum-plated guns, 245 
coi~st~ituent,s, 255 
effecl oC single-busc powders, 247 
inncr and outer white layer, 244,247- 

248, 255, 264 
liquefaclion of bore suri'a,cc, 213-216, 

258, 264, 266, 277 
mjlrtensite byc~) ,  246, 263 
techniques of stuclying, 231-2,10, 

244 
khcnnnlly-altclcd layer, 345-2463, 

338-259, 261-284 
trooslitc band, 247 

Erosion stuclies in vents, 220-232 
see nlso 'Erosion vant-plug tests 
apparatus, 228, 230 
D-shnpecl ct,oss section, 227-230 
metliod, 230, 33.1-335 
 result:^ of studies, 249, 272-275, 277- 

279, 299-300 
rifled barrel as vent, 225-227, 294 
sl-lcsscd vents, 230, 272-275 
stuclies of cra.clring, 227-228 
use or oxygen s r ~ d  carbon nlonoside 

nlist,ures, 227 
Erosion vcnf;-plug tests, 221-330 

:~pparatus, 224-225 
carbor~ rrtonozidc reactions, 200-293 
chromium, 33-1, 345, 333, 358 
dctcrtioa of iron ca~~ljoavl, 225, 227, 

294 
poll-dere, 310-311, 322-323 
1,eeisl ancc of llletitlv and :illoys, 33-1- 

335 
rupture dielia, 225, 2 2 ,  310 

subjected to adisb:ttic:clly com- 
pressed gascs, 231"-232, 305-307 

X-ray dinraction esarnirulion, 228, 
230 

Erosion-resi~t~ant materials, 331-43!J 
. applications, 343-355, ~110-306, 513- 

515 
cllernical resistar~cc, 333 
chronlium and alloys, 263,-264, 344- 

345, 351-352, 336-..360, 41fi-417 
cobalt alloys, 391-407 
desj~.uhlo properties, 333-334 
electrodcposited coatings, 408-~118 
evaluation, 343-353 
fluorocarbor~ cotlting, 354 
machineability, 343, 371, 396 
lneltjrlg  point,^, 333 
molybdenum, 334, 370-3130 
nickcl alloys, 334, 349-351, 406-407 
parco-luhrite coating, 354 
rcscarcb progrntn, 331-332 
research, rcco~nmcndations, 829 
steels, 337 
stellitc, 33.4 391-4117 
tanlnlun~, 334, 347 
t,hcl*mal p~,opcrLics, 333, 338-340, 

513-514 
l,ungsten, 331 
l,ypes, 331 
vapor-phase l~lating, 419-43!) 

Elosion-rcsist:trrt; mat8crials, n~cchanical 
pr~pert~ies, 340-343 

ndherer~oe of coatings, 343 
flaw ddctcction, 343 
t~a~.dncss, hot-harclucss, and 11-ear re- 

sistarrce, 342 
machi~lcabi1it~- 313 
requirements, 333-334 
tensile strength, ductility, arld modu- 

lus of clusticity, 340 
Ei~osion-resist :lnt mnterirtls, test mcth- 

ods, 334-343 
Battellc: lahorntory gun, 336 
1,end and ring-cornprcssion test,s, 343 
caliber .30 ~nachine gun liners, 337 
cnliber .50 crosion-testing gun, 336- 

337 
cixliber .50 m:~chine gun lir~ers, 3 3  
cnvilution erosion tests, 336 
el.osion ver~t plugs, 334-335 
firing of mct,al particles ir~to nn cvac- 

u~~tecl  tube, 335-336 
hydrostat,ic Inbc tcst,ing, 342-343 
notch imp:lct, tests and high velocity 

ilnpact tests, 340-342 
~~csist~ance to su~+'t~cc cracking, 335 

Erosion-t#esting gun, c,aliber .30; 337 
Erosion-tcst,ing gun, caliber -50; 219- 

223 
appli~at~ious, 219, 222-223, 336-337 
dcsign, 220, 309, 336-337 

limitations, 223 
molybdcnunl liners, 377-385 
l,csl;s on Fisa prote~lor, 612-614 
tcsts using prc-cngravcd projectiles, 

313-317, 592-600 
use or g>luges, 222, 309 
X-ray examin:~tion 01' barrels, 251, 

310, 321 
Erosion-l,cst,ing gun, propellant, tests, 

313-322 
artillery-type l:bullcts, 313, 317 
chemical prudilcts on the bore sur- 

face, 321-322 
~ondit~io~is  of test, 309 
distribution of erosjorl, 3'13-316 
ei50sion rate, 317-31 8 
hr:n.t, input to the barrcl, 318-319 
Incasuremen!a, SO!)-310 
metallograpliil: changes accompn,ny- 

ing firing, 319-321 
pre-engravccl bullets, 31 3-317 
progress of erosjox~, 31 3, 316-317 
X-ray diffraction exan~ination of ha].- 

rels, 251., 310, 321 
Erosive action of powders 

sec Po\vders, erosiveness 
Eselloy gun steel, 484 
Explosion vcsscl for vent-plug tests, 

224-225 
Explosives for p~opcllants, 21 
Ert,crior ballislics of projectiles 

see B:tllist,ics of hypervelocity pro- 

Fadling weigh1 spparatus for clelermin- 
jug 1,or.r: friction, 100, 132-133 

Fe~.rif,c (crosion procluct), 248 
Fcrrosilicor~ 

reduction of gun erosioti, 327 
resislance to chemicul >l.t,t,t~~li, 336 

.50 cxlibcr guns 
,SAG B:irrels, ralibc~ .50 

57-rnm gun, erosion prorlucts, 255 
57/40-inm t,ap~:rcd-bore guns 

accuracy tcsts, 584-585 
design, 570-572 
dcsign of skirted projeolilc, 572 
munzl(: sdaptor, 571 
\\car after filing, 580 

57/:10-rnm taperecl-bore guns, arrnor 
penetrrttiori tcsts, 585-300 

I>nlliatic limits of projecfilcs, 585-587 
llehlarrc lormul:~,, 5%-588 
dcsign cl\rtr~gcs (,o imp~ove pcnctm- 

t8ion, 385 
perfor:ilion range cornparisnns, ,588- 

590 
F i~ ing  schedules [or testing gun bo.rrels, 

309, 4fi0-4B2, 47-$-475 
Fisa prot,ector Ior gun bii,r~.els, 009-61 4 

cnliber .50; fj12-613 



caliber .60; 609, 614 
design, 14, 610-612 
eflect on velocity-life, 609 
extent of engraving, 611 
rna~lidacture, 612 
tests, 612-61.4 
37-mm, 614 

5-in. gun, 253 
Flame temperature of powdcrs 

.we Adiabat,ic flame tenlpcrat,urc of 
powders 

Flashmet,cr, measurement of muzalc 
flash intensity, 83, 94 

Flight characteristics of hypervelocity 
projectiles, 163-185 

ballistic coefficient, 164 
r a n g  and time of flight a t  high 

speeds, 184-165, 624-626 
subcaliber projectiles, 165, 619-626 
velocity and cncrgy loss, 163-164, 

619-F23 
Fluorocarbon for coating gun bores, 

354 
FNH-MI gun powder 

effect on gun erosion, 250 
erosion products, 270 
temperature of powder gas, 122 

FNH-MX gun powder, erosiveness, 250, 
270, 289 

Forcing cone, 158, 1.98, 595 
Formulas 

ballistic coefficient of projectile, 164 
burning of gun powder, 58 
De Marre formula for projectile 

penetration of armor, 1.90, 587- 
588, 626 

drag cocficient of projectile, 163 
energy dist,ribut;ion of gun powder, 

148 
eneigy of project,ilc, 57 
Lam6 formulas for gun tube stresses, 

1.52, 51.1 
moment, coeficient of projectile, 

167 
motion of projectile, 55-57 
muzzle velocity, 63, 67-68, 62S624 
projectile design, 521-522 
stability of subcaliber projectiles, 168 
stresses in gun barrcls, 51 1 

4.7-in. gun 
origin erosion, 199 
star-gauge curves, 196 

14-in. gun, 203, 212, 253 
40-~nm guns, 118, 1.21, 553-556 
Franklin Institute 

caliber .50 erosion-testing gun, 220- 
223, 336-337, 377-385 

Fisa protector, 609-614 
"Free-run" machine gun barrcls, 471 
Friction in guns 

see Bore Iriclion 

INDEX 

G8-type proje~t~ilc, 163-164 
Galena, detection in crodc!d guns, 252 
Gamma boo, 248 

see also Austenite in eroded guns 
Gamma-prime iron nilride in erocled 

guns, 255-256, 2fi8 
Gas compression, adiabatic 

apparatus, 231.-232, 306-307 
rnasilnuln temperature and pressure, 

305 
prcssure as function of ttime, 306 
studies 011 powder gas react;ion w-ith 

st,ccl, 305-307 
Gas leakage in guns, 592-596 

bore surface temperalure, 115, 123 
causes, 115 
erosive effect, 273-274, 562, 592-594 
prc-cngntved projectiles, 500 
pressure, 202 
sabot-pm,icctile, 562 
swaging of rifling, 123 
velocity performance, 202, 595-596 

Gas pressure shoclr waves, suppression 
in guns, 576-578 

G a s  tul*bdence in guns, 53, 266, 273, 
613 

Gas-operated machine gun 
ace Johnson 20-min gun 

Gauges 
electrical bore gauge, 499 
erosion gauge, 196198, 222-223,225 
liner rejection gauge, 468 
plug, 198, 222, 309-310, 46:)-470 
Sheficld Precisionaire gauge, 487 
star gaugc, 196-1,98, 222, 467 
thread-collocating gaugc for rnachin- 

ing gun tubes, 578 
use in production of chromium-plat,cd 

gun barrels, 486-488, 499 
Gauges for ballisttic ineasurements, 90- 

92, 95-97 
bore friction measurements, 1.33 
copper crusher, 225, 309 
piezoelectric, 98-97 
pressure, 91-92, 309 
projectile gauges, 95-97, 133 
resistance, 91-92 
st,rain, 82, 90-91 

Geiger-Mucllcr counters, 240-242,296- 
297 

detection of radioactive carbon, 285 
detection of sulfur in eroded guns, 

240-241, 296 
gun erosior~ studies, 242 
use of rifle barrel, 297 

Geophysical Laboratory, C.I.W. 
cornbination ~t~ellitc-lined and chro- 

miom-plated gun banSels, 473- 
484 

uxperimental ballistic firi~~gs, 76-97, 
159-162, 180-189 

gun barrel lincr, 223-224, 338 
nitridcd, chromium-plated calibcr . . j~ 

aircraft barrel, 45&472 
GL-135 firing schedule for testing heavy 

barrels, 461 
Gold-palladium alloy, therrnochemical 

erosion resistance, 354-355 
Grcenough st,creoscopic microscope, 236 
Grignard reagent for producing chro- 

mium carbonyl, 434-436 
Groove erosion in gun bores 

a t  muazle,.203 
a t  origin of rifling, 198 
d~finit~ion, 185 

Gun ballistics 
sea Ballistics of guns 

Gun barrels 
aee Barrels (gun) 

Gun bores 
ssc Bore friction; Bore softening by 

heat; Bore surface; Heat input 
to bore surface 

Gun chambcl* 
fluting, 457 
integral with lincr, 457 

Gun erosion 
see Erosion of guns 

Gun firing, thermal efiecl,s, 9g1.28 
see also Bore-surface temperature; 

Cooling of gun barrels; 1lea)t in- 
put to bore surface; Beating d 
gun barrel during firing; Tber- 
ma1 stresses in gun barrels 

accuracy drop, 121-122 
ballistics, 121-123 
bore friction, 99-100 
burning rate of powders, 27 
erosion, 12S121, 308 
expansion of bore, 123, 466, 476-477, 

480 
pressure and velocity changes, 122- 

123 
softening of bore surftlce, 213-218, 

234-235,251-254,261-264,276- 
279 

w-eakening oi barrel wall, 123-124, 
476-477, 480 

Gun friction 
sac Bore friction 

Gun liners 
see Liners for gun barrcls 

Gun mechanism, automatic, 538-556 
design for hypervelocity ammunition, 

549-550 
Johnson 20-mm gun, 538-549 
pre-engraved projectiles, 551-556 

Gun powdcrs 
see Powders 

Gun recoil measurenlent,~ 
accelerometers, 80, 89-90 
tjallistic firing tests, 78, 80 



disphcerncnt of gun, 80 
pressure in recoil cylind(:rs, 82 
recoilless gun blocks, 431-432 
recoilmeters, 80, 8 6 8 7  
st,arting time, 78 
velocirr~<:tc:rs, 80, 88-89 

Gun steel 
see Steel for gun barrels 

Gun tubes 
see Barrels (gun) 

Guns, coppering 
dec,opperEng methods, 2.18, 234-236 
definition, 195 
entrapped erosion products, 235, 

251-254 
frict,ion, 100, 130, 135 

Guns, general types 
air-cooled, 121, 127 
antiaircraft,, 121 
for firing pre-engravcd projectiles, 

551-553, 555-5563, 591-608 
hom<t8zers, 124, 563-56-4, 566 
tapered-l,orc, 15, 76, 569-590 
water-cooled, 121, 127 

Guns, pressures in 
see Pressure in guns 

Guns, rifling design 
see Rifling nl guns 

Gurrs, specific calibers 
see a.1~0 Eroaion-testi,ng gun 
.30 caliber, 337, 454-456, 471472 
.50 caliber; see Barrels, caliber .50 
.60 caliber, 458-457, 472, 60!1-610, 

614 
3-in.; see 3-in. gun 
3.7-in., 119, 121, 249 
4.7-in., 196, 199 
5-in., 253 
8-in., 124 
14-in., 203, 212, 253 
20-mrn Hispano-Suiza, 118, 121, 

133 
20-mm Johnson automattic, 123, 538- 

549 
37-mm; see 37-mm gun8 
40-mm, 118, 121 
57-rnm, 255 
57/40-mn1 tapered-bore, 57b5.72, 

580, 584-590 
75-mm, 119, 156-159, 535-536, 563- 

564 
76-rnm, 122, 214, 564-565 
W m m ,  74-75, .507-5'10, 564-567, 

606-608, 617-618 
105-mm, 118-119, 124, 566 
155-mnnl, 128, 201, 210 
Bofors, 40-nun, 553, 555-656 
Brnwning rxlachine gun, 121, 212, 

551-552, 613-614 
Hispano-Suiza, 118, 121, 133 
Johnson M1945; 455 

INDEX 

Hastelloy s 
gun liners, 350 
thermochemical erosiorl resistance, 

407 
Haynes SBllile Company, investrnent- 

cask skllitc liners, 447 
Heat input to bore surlit~cc 

see also now-surlace temperature; 
Heating of gun barrcl during 
tiring 

bore friction as source of heat, 61, 
100-101, 104, 116-11.8, 318- 
319 

correlation with erosiveriess rrC pom- 
der, 324 

correlation with flame t,en~pcrature of 
powder, 318-319, 324 

powder gases as source of heat,, 62, 
99, 101-102, 149 

radiation as source of Ileal, !I!) 
37-mnl gun, T47; 101 
3-in. gun, Mark 3; 101 
variation wibh caliber, 1.09 

Heat input to bore surface, ~ncthods of 
measurement, 102-107 

calorimetrir methods, 102-104 
enlbeddcd thermocouple, 105-106, 

113 
lreat,ing by firing a t  steady ratic, 10'2- 

103 
si,rttin measuremcnls, 82, 106 
surface-t,emperaturc mcasurements, 

104-1.05 
thermal annlyzer, 107 

Heat losses in guns, 61-62 
Heat of cxplosior~ of powdcr gas 

see Powder gas, t,hcrlnodynalnirs 
Heat transfer coefficient, 100 
Beating of gun barrel during firing 

also Bore-surfacc telnperature; 
Coolir~g of gun barrels; Heat in- 
put to bore surface; Thermal 
stresses in gun barrels 

I)allist,i~ equations, 61-62 
cflects, 120-124, 216 
rate of heat,ing, 115-120 
ttvnpcrature-time curves for ma- 

chine-gun barrels, 116-1 1.7, 461 
Heavy rnaclune gun barrel 

caliber .50; 338, 453-4.54, 471 
chromium-plat,cil, 414 
liners for, 223-224 

HIA grade 160 gull st,ccl, 483 
Higll-speed canlerns, 82-83, 93-94 

machine gun, 478 
Hispano-Suiza gun 

bore-friction mcasurements, 133 
improvemcnt', 538 
Mark V (20-mm), 1.18, 12 1 
sabot-projectiles, 562-563 

IIoop sllcss in shells, 1.52, 523 

Howitzers 
8-in. Mark VII, 124 
75-mm, 563-564 
105-mm, 566 

Hydraulic obturator, 96 
Hydrocyanjc acid in powdcr gases, 272 
IIyilrogn in eroded guns 

reaction ajt,h carbon monoxide, 203 
react,ion with steel, 274-275 

Hydmgen sulfide, 292-294 
effect on bore surface, 271-272 
effect on arosivcncss ol carbon mix- 

tures, 292-293 
effect, on gun crnsion, 294 
molybdenum sulfide plates, 427 
reaction with steel, 296 

Hydrostatic tube-testing device, 342- 
343 

Hypervelocity gurrs 
auto~natic ~xiecl!anism, 64!)-556 
A-Z gun, 74-75, 606-608, 617-618 
defmii.ion d hypcrc~elocity, 8 
erosion, 11, 615 
erosion-resistant liners and coatjngs, 

I. 4 
visa prot,ect,or, 14, 609-614 
gun tube design, 503-517, 630 
interior ballistics, 66-75, 628-629 
lnolybdenum liners, 382-385, 6 1 G  

61 7 
replsceabIc st,ccl liners, 14, 507 
research rccommcndations, 628-630 
rifling dcsign, 515-516 
stcllite liners, 405, 615-616 
summary of volume, 1-4 
tapereci-bore, 15, 75, 569-590 

I3ypervelocit,y guns, ballistic dcsign 
considerations, 70-74 

choice of powdcr, 73-74 
limiting dcnsltiy of loading, 7G71 
limiting prcssurc, 71-72 
'30-mm gun, 74 
preferred volume ratio, 72 

Hypervelocity projectiles, 9-1 5,  163- 
170, 557-608 

see also Projectiles 
fid~ant~ages, 9-10, 618-62s 
compnrison with standard, 163 
drag coefficient, 17.5-177 
flight characteristics, 163-165 
limitations, 10-12 
pre-engraved, 313-317,623-533,551- 

556, 591-608, 630 
range, 9, 164-165, 202 
sabot, 169-170, 557-568, 586-587, 

630 
skirted, 569-590, 620, 630 
subcaliber, 165-1.70, 618-628 
summary of volume, 1-4 
tungsten carbide-corcd, see Tungslen 

carbide-cored projecliles 



1-Iypervelocity projectiles, armor per- 
foration 

see Amlor-piercing projectiles 
Hyper~elocit~y projcctilcs, balljstjcs 

sss Ballistics of hypervelocity pro- 
jcc tiles 

Hypervel~cit~y pr~jccl~ilcs, design, 51% 
537 

Britisli, 522, 536 
core, 572, 583 
low-stress rotating bs,nds, 533-536 
materials used, 192 
methodsfor detecting dcfccts in shells, 

536-537 
pre-engraved, 523-525 
sabot, 559-562 
stresses in shells, 51.8-524 

Flypervelocily projectiles, effect of yaw, 
170-175 

drag coefficient, 175-176 
normal force :tud center of pressure, 

1 72-:I74 
normal heed force cocficienl; and yaw 

ratio, 174-175 
ratio of sl~oclc yaw to projectile yaw, 

173-1.74 
recornrxlerrdatjons for future research, 

1.77 
theory, 170-172 

Ilypcrvclocity projectiles, liquid pen- 
etration, 180-189 

effect of velocity, 180 
firings into cans of liquid, 1.80-181 
motion picturcs of jets dulirig disrup- 

tion, 181-183 
I.,ressures in water, 184-187 
research recornrnerldatio~'~s, 187 
shock waves, 181-183, 137-:I88 
transrcr of momcnt,a, 188-189 

Injcct,ion sprays lor cooling gun barrcls, 
127-1.28 

lnterfer~met~er, mic~owave, 92-93, 133 
1nl;crior ballistics 

see Ballistics of guns, interior; Bal- 
listics of hypcrvcloci ly guns, 
interior 

Iridiuril, thermochcmical erosion re- 
sistance, 355 

Iron alloys 
see also Steel 
tkrermochemical erosion resistance, 

331, 408407 
Iron carbide in eroded puns, 253-2.57 

disengagenlent by attacking steel, 
235-236, 255-257 

eutectic .temper:lture, 268 
mechanical scgrcgation, 254 

Iron carbonyl lrom croded guns, tie- 

tcction, 293-298 
chemistry ol, 419-420 

INDEX 

efiect, of hydrogen sulfide, 294 
experimental method, 293 
fnrnlation, 225, 227 
gas mjsture i11 caliber .30 barrels, 294 
location of erosion products, 293-294 
solid iron-bearing deposits, 295-296 
vent plugs, 225, 227, 204 

-ran nitrides in eroded guns 
epsiloniron nitride, 249, 253,256, 268 
formation, 268 
gamma-prime iron nitride, 255-256, 

268 
mechanical segregation, 255 
resistance, 253 

Iron oxides in eroded guns, 273 
Jron sulfide in eroded guns, 254 
Iron-carbon systcm, 267-288 
Iron-nitrogen system, 268 
Isothermal transformation diagram lor 

stecl, 275 
Isotopic tro,ccrs, gun erosio~l studies, 

240-243, 285, 296 
demonsbration of carbon equilibrium, 

240-241 
Geiger-Mucllcr counters, 242 
sampling, 241-242 
temperature of specimen, 242-243 

Jet propulsion motor, radiation and 
tcmpcrature of gases, 51-52 

Johnson 20-mm gun, 538-549 
automatic chflmbcrlng mechanism, 

540-541, 552-553 
case ejection and cocking failure, 544 
description of models, 539-542 
firing rate, 545-549 
kinematic analyses, 544-545 
Nevy specifications, 538-539 
parts breakage, 543-544 
"pulled" prcrjcctiles, 543 
rebound of impacting pa,rls, 543 
recommendations, 548-549 

Jump ratjo of projectiles, 526 

Ihyholing projectiles, 450, 466 
Kinetic encrgy of projectiles, 148 

Lu,mB Forrnulas for gun tube sl.rcssss, 
152, 511 

J~and  erosion in gun bores 
a t  muzzle, 203 
a t  origin of rifling, 198 
definition, 195 
effect on gun liJ"e, 602 
shearing ol ls,ndx, 277 

Lead in eroded guns, dct,cclion, 252 
Leeds aitd Korthrup Company, heat 

mcasuremexrts for guns, 104 
Linear velociineter, 80 
Liners for gun barrels, 44k457 

Cyclops KL steel liners, 352 

erosion, 202-203, 255, 274, 403, 509 
investment-cast stellitme, 397,447, 615 
$0-mm gun, 507-510 
protlrusioll ol, 124 
replaceable stccl liners, 14, 507-510 

Liners for gun, barrels, design, 503-509 
bonding ol liner to barrel, 506 
Crank Company liner, 224, 338, 443- 

444 
effect of differences in thermal prop- 

erties, 513-514 
expansion ol the liner by draw rifling, 

504 
Geophysical Laboratory liner, 223- 

224, 338, 473-484 
mechanical retention of the liner, 

504-506 
methods ol inserting, 366-367, 443, 

503-509 
research recommendations, 368-369, 

484, 61.6-617, 628 
shrink fit of tube and liner, 503-504, 

512 
strcsscs in, 512-515 
support of briktle liner materials, 

513 
J,irrers for gun barrels, malerials tested, 

343-355 
cheracterjstics, 331, 351 
chromium and alloys, 344-345, 351- 

352, 364-369 
cobalt ancl alloys, 34'7-348, 35.1-352, 

391.-407 
copper and alloys, 353-354 
evaluation, 351-352 
hardened alloys, 350-351 
rnolybd~nur~,  345-346,370-390,616- 

617 
~nonel-metal, 350 
niclcel and allnys, 349-352, 406-407 
Refractaloy No. 70; 351-352 
requiremen ts, 314 
research ~)ccommendatjons, 617, 620 
steel, 14, 361-353, 506-509, 513 
sbcllite, 351, 391-407, 443-457, 473- 

484 
lantalurn, 347 
TEW alloy, 335, 3.52, 407 
t~ngst~en,  346-347 

LinB-Rell; Company, nitricling of steel, 
459-460 

J~ongitudinal slrrsses in shells, 153, 
524-525 

Eubricat,ion or gull bore, 354, 533 

Mach number, relation to drag coeffi- 
cient, 175 

Machine guns 
.see Browning n~a~chinc guns; Guns 

hlagnetite in e~,ocled guns 
detection by electron diffraction, 270 
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formation, 300: 
mechanical segregation, 254 

hTagnet,ron ar~odcs, molybdenum-plat- 
ed, 432 

Martensite in eroded guns, 263 
Martensitic layer, 24fi 
Massachusetts Tr~st,it,ute of Technology, 

strairl-recording equipment, 161 
hlct,als, plabjng 

see F,lcctroplsted coatings; Vapor- 
phase plat,ing 

l\lctxls, t l~e~~rr~ochcn~ical crrrsion resisl- 
ance 

spe Thermocl~ernical erosion rcsist- 
;mcc of rnctl~ls and alloys 

3lelhanc in que~~cherl poll-dcr gas, 32 
n'licroflasb equipment, 83, 91 
RIicr~plo\\~ lor electroil diffractio~l 

rn(:t~swen~ents, 237-239 
Micl.oscopc, stereoscopic, 236 
Microwwe int8erlcrometer, 92-93, 133 
Miscs-Henc1;y t;hcory, 152, 510, 522 
hlolybclerium, 370-390 

bend slrcngth and yicld, 374 
csr,ljidcs, 429 
chloride, 420-421 
coatings, 388-390, 409,420-433 
com~nercial, 370-373 
cfiecl or tcmperrtlurc o n  hardness, 

376 
11sr.dcning by alloying, 375-376 

Molybdenum, rnctllocls of prcpa,ration, 
385-38!) 

comrner.cia1 process, 370-371 
hy,d~,osl,atic cornpi.ession test, 375 
induct;ive sinte~~ing in an atrnospherc 

of hycl~,ogcn, 388-389 
melting ill Ohorium osidc rclmctor,ies, 

387 
i ; h c r ~ ~ i t  ~uell ings, 387-388 
vacuum nlelting i n  an clcctrjc arc, 

3S3-386 
vacuum rrlelljng in an indurlion fur- 

nace, 386-387 
n-orking schcclule, 373-376 

Ilcrlyhdcnum, vthpnr-phase plaling, 
1120-433 

appa'atus, 426 
appljcat,ions, 430-432 
gcacral procedula, 42,i-425 
plate-to-mctd bond, 428-430 
proper1,ir:s of plahce, 425-428 
rccommendal,ions, 432-433 
sulfide plsl.i:s, 427, 432 

l\lolybdcnum alloys, 374-377, 383-387 
cobnlt, 370, 376-377, 383-386 
electropli~icd coatings, 417 
X~ardncss, 376 
nlclting nlloys in nlurnincnn oside 

c!~ucjljlc, 386387 
nickel, 376-375 

vacuum-melting furnace, 385-388 
working scl~ed~ilc, 374 

Molybdenum carbonyl, 42(r425 
drying and sublimation, 423-424 
flow-sheet for producl~ion, 425 
formntion, 420 
preparation of anhydrous molybde- 

nurrr chlorirle, 420-421 
prepar:~tion of crudc producl, 421- 

422 
properties of sublinled product, 423- 

121 
reconnncndations, 424 
rcmovr~l of ether, 422-423 
stcaln rlistillation, 423 

hlolybdenum gun liners 
alloy w-it,h cobalt, 383-385 
caliber -50 erosion-testing gun, 377- 

385 
causes of failure in tests, 382-385 
co~nlnerciitl ~nolybdenurn, 373 
firing tests, 382-385 
insertion, 514 
requircn~cnts, 43 1 
sult,abilitv of alloys, 346 
1,hcrn~al properties, 513-514 
3-in. gun, 616-617 

h rolybdenum gun lincrs, method of 
fabricai ion 

brazed-jn onc-seam lube, 381 
cast-boaded molyhdcnum-steel sl,rip, 

381-382 
dcsign considerations, 377 
Tor caliber -50 erosion-l,csting gun, 

377-385 
seamless tube, 382 
Lrrbc lnacle f ri>m Bat disks, 381 
n-ire-n-rapped tube, 381 

b1olyl)dcnum gun liners, skrtvc-type, 
377-381 

construction, 378-379 
c1sficii:ncies in design, 380-381 
iuElling operation, 383 
prcci,sion twjst,ing, 379, 382, 354 
seams, 378 
stresses, 377-378, 514-515 
trouglling ope~ation, 380 

Xlolybcle~~um pcntachloridc, nppantlus 
fop preparing, 421 

~lolyljdenum stccl for marlline gun 
barrels, 353, 381-382, 470, 48'2- 
183 

&Iolybdenurn-t,ungsten alloy plates, 134 
M o m e ~ ~ t  cocRicient, formula, 1.67 
Moncl-metal gun lincrs, 350 
IIot,ion of project,ile, equst,ion, 55-57 
l\lushrooruing (pocket,ljkc crosion), 263 
Muzzle adaptlors f or 57/40-mm tapel.cd- 

borc guns, ,5171, 575-580 
chromium-plated, 580 

dcsign, 57.5-576 
tests, 579 
vents, 578 
n-ear after firing, 570 

31uzxlc blast 
eft'ccl of gun lengt,h, 72 
photography of flash, 82-83 

Bluzzle erosion, 203-21 2 
asy~runrt~ry of erosion, 207-208 
co1'1~clation wj th body engraving, 

210-2 12 
correlation with origin elusion, 207 
dcfinit,ion, 195 
dcpcnrlence on caliber, 206 
dcpendence on muzzle velocity, 206 
dcvelopmen(, with firing, 204-206 
effect or1 gun pcrforrnar~cc, 208-211 
effect on projcctile yaw, 211 
land and groove erosion, 203 
varia1;ion along thc bore, 203-204 

bluzzle flash 
effect of gun length, 72 
photograplly, 82-83, 93-04 

Muazlc velocity 
dependence on gun caliber, 622 
effect of gun lcngth, 74 
effect on armor perforrtlion, 192 
fol.rnula, 63 
iricsns of inoreitsjng, 66, 549-550 
rneasurcmr:nt, 79 
1.elat'ioa to erosion, 200-201, 206 
subcaliber projecliiles, 622 
upper lirxlil, 67-G8, 619 

Bureau of Standards 
espcrilnental bnllislic firings, 76-97, 

159-162 
nit,rided, chroliiuin-ylat,c<l calibcr .50 

a.ircraft barrel, 458-472 
N iclcel 

alloys, 360-352, 378-377, 406-507 
carbide, 257-258 
csrbonyl, 4 19-120 
gun liners, 349-352 
plating, 350, 415-L1,6 

90-r1lm guns 
chromium-plated, 606-60s 
cooling, 128 
design, 74-75, 606-608 
crnsion, 249, 509-,51.0 
molybdenum liner, (i16-817 
l.eplaceable stccl liner, 507-509 
sabot-p~.ojcctiles, 564-567 

Kit,r;tlloy for ~n:tchinc gun lx~rrels, 470 
Kit,~.ic oside in quenched pon-cler gn.s, 

32 
Xitricled and ckvomium-plated gun har- 

rels, 458-472 
accwacy a111:l velocity-lire, 458 
caliber .SO; 456-457, 472 
hardrress profile, 460 
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mcthod of nitriding, 413, 459-460 
nitralloy, 470 
specifications, 459-460 
stellite-lined and chromium-plated, 

401.-402, 491-492 
temperature-time curves, 461 
vdocity:life, 458, 466-468 

Nitrided and chromium-plated gun bar- 
rels, firing tests, 460-465 

accuracy rneasurernents, 463-465 
amm~nit~ion, 462-463 
change in muzzle velocity versus cy- 

clic rate, 462 
firing schedules, 460-462 
targets, 462-464 
brnperalure-time curves, 461 
velocity mcasurernents, 463 

Nitridcd and chromium-plated gun bar- 
rels, performance, 465-470 

accuracy-life, 465466 
advrtntage of choked muzzle, 466 
appearunce of "tippers", 468-469 
gauge for indicating rejection point, 

469-470 
keyholirlg bullets, 466 
projecljle engraving, 465 
star gauge ccur.ves, 467 
vslocity-life, 466-468 

Nitvided and ch~omium-plated gun bas- 
rels, plating process, 4.13, 486- 
491 

anodic etch prior to plaling, 488 
caliber .50 heavy barrels, 471 
cleaning operations, 487 
elect)roplt~ling, 485 
electropolishing, 488 
gauging operations, 487488 
plating procedure, 486-487 
with choked muzzles, 489-491. 

Nitrided gun liners, 353, 401-402 
Nit,ridcs in eroded guns 

epsilon iron nitride, 249, 253, 255- 
256, 268 

formation, 268, 272, 301-303 
gamma-prime iron nitride, 255-256, 

268 
lnechamical segreget,ion, 255 

Nitroaustcnite, 268 
see also Aust,cnite in eroded guns 

Njtrocellulose, thermal decomposition, 
23-24 

Nitrogen penetration into gun steel, 
267-269, 300-304 

austenite as solvent, 268 
bore-surface t,cmper'atures, 303 
comparison with surface reactions, 

267 
conditions for penetration, 268 
cracking, 300 
effect of ammonia, 301 
formation of nitrides, 272, 301-303 

formation of white layers, 269 
iron-nitrogen system, 265 
111ethod of determining, 303 
nitrogen content of reachion products, 

304 
Njtroglyccrin 

in gun powders, 327 
thefmal decomposition, 23-24 

Ohturation 
see Gas leakage In guns 

Obt,urator, hydraulic, 96 
Occlusion of gases, 274-275 
105-mnm guns 

mtiaircrafl , 124 
heating rates, 118-1 19 

105-mm howitzer, 566 
15.5-mm guns, 128, 201, 210 
Optical ejection indicator, 93 
Origin eroslon in gun bores, 198-203 

asyrnmctry oC erosron, 201 
cor'relation with muxale erosion, 207 
definition, 195 
dependence on caliber, 200 
dependence on muzzle velocity, 20& 

201 
development with firing, 199-200 
effect on gun performance, 201-202 
rltte, 201 
variation along the bore, 199 

Oscillographfo~ ballistic measurements, 
83-86 

Oxygen, reaction wilh steel, 269-271 
Oxygen compressor cylinders, molyb- 

denum-plated, 432 

Paints, tempcrat,ure-indicating, 10B- 
107 

Palladiunl-gold alloy, Lbermochemical 
erosion resistance, 354-355 

Pa,rco-Lubrit,e for coat,ing gun bores, 
354 

Parco-lubrizcd projectiles, 275, 599 
Farco-lubrizing process, 533 
P E  projecti1.e~ 

see Pre-engraved projectiles 
Pebbling of gun bore surface, 216, 27% 

279, 319 
Peerless A gum, steel, 483 
Pendulum, water ballistic, 184-185 
Phenyl magnesium bromide, use in pro- 

ducing chromium carbonyl, 434- 
436 

Photoelectric pyrometer 
apparatus, 46-47 
design principles, 46 
3-in. gun measurem~nt~s, 92, 94 

Ph~t~ography in ballistics 
gas leakage, 274 
high-speed cameras, 82-83, 93-94 
rnuzfile flash, 82-83, 93-94 

muzzle smoke, 82-83 
project)ile disruption of water, 181- 

183 
projectile in flight,, 83, 177-170 

Piezoelectric cryst,al gauges, 96-97 
Pilot plant,s for chromium-plating of 

gun barrels, 485-500 
Chrome Cagc Corporat,ion, 492499 
Dochler-3arvis Corporation, 485- 

492 
recommendations, 499-500 

Pilot plants for stellite-lined gun bar.- 
rels, 451-453 

Plaqrles for studying cracks in gun 
bores, 236 

Plastics for sabot-projectiles, 562 
Plating 

see Chromium plate; Electroplat,ed 
coatings; Vapor-phme plating 

Plug gauges 
erosion mcesurements, 198, 222,309- 

310 
indicaling rejection point of gun bar- 

rels, 469-470 
Potassium sulfate in eroded guns, 

252 
Potomac die-steel for inachirie gun bar- 

rels, 470, 483-484 
Powder gas, 21-53 

sac udso Gas 
covolume, 88, 57 
heat t,ransfer to gun, 62, 99-102, 149 
molecular constit,ucnts, 37 
turbulence, 53, 286 

Powder gas, chemical equilibrium, 28- 
35 

carbon atoms, 33-35 
cO/CO~ rat>io, 32-33 
composition, 32-33 
during burning, 24 
quenching, 30-32 
reactions during cooling, 22, 2&30 
water gas rcuction, 29, 32-33, 35 

Powder gas, erosive ~ffect~s,  272-277, 
283-307 

see also Erosion products in gun bores 
apparatus for studying, 306-307 
carbon gases, 284-296 
crackin; crf )nore surface, 274, 276- 

277 
gas lcakagc, 273-274, 562, 592-594 
gun liner joint, 274 
individual powder gas constituents, 

305-307 
mitigation, 300, 307, 325-327 
nitrogen, 300-304 
occlusion of gaaes, 274-275 
removal of material from bore, 272- 

273 
scouring action, 273 
sulfur gases, 271-272, 296-300 
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tcmpcraturc and pressure, 274, 306- 
306 

Pou-dcr gas, pressure, 36-37, 41. 
efTect of pre-engraved projcctiles, 

594-590 
cffect on bore friction, 130 
crosive effccts, 274, 305-306 
method of measuring, 8 M 1 ,  !)I-92 
peak pressure, 22 
cpenching espe~'in~enla, 31-32 
rcsisf,ance gauge for mc5ssurlng, 91-92 
starting time, 78 

Powder gas, radiation, 42-53 
absorption, 53 
characterist,ics, 45 
efTect 011 burning ratc, 27-28 
effect on gun tcmperaturc, 91) 
peak radiation, 22 
photoclcctric pyrclmetsr, 4G47, !)2, 

94 
spect,ral chamct,eristics, 43-45 
start,ing time, 78 
temperature cletkrminations from 

radiation ~ncasurcment,~, 42-43 
Powder gas, tenlpcrature, 48-53 

co~npositdon rzs n function of tempera- 
ture, 37-38 

dcternlination from radiation mcas- 
urements, 42-43 

erosive effects, 251, 274, 305-306 
firings in a jet propulsion inoto~., 

51-52 
firings in closed vessels, 48 
things in 3-in. gun, 48-51 
measurement,, 4647, 80, 82, 92, 94 
t,empcratun: gradient, 53 

Powdcr gas, thermodynamics, 35-42 
adiat)atic flame tempcraturc, 3.5, 

38-39 
cht~nge of irilcrnal energy with den- 

sitmy, 37 
energy released, 35-36 
ent,halpy and entropy, 40 
equation of state, 36-38 
heat, of explosion, 36, 41-42 
pressure, 3G-37, 41 
~jpecific heats, 40 

Powder metallurgy 
c,hron~iurn, 345 
elkonitc, 346 
molybdenuln compoutlds, 346, 370- 

371 
Powders 

SEE ulso Powder gas 
adiabatic flatrle temperatme, 38-39, 

312, 324-325 
characteristics of powders t,cst,ed, 312 
dcnsity of loading 63, 69, 71 
di~tribut~ion of energy, 148-151 
cqud,ion of burning, 58 
explosives, 21 

FNR-MI; 122, 250, 270 
FNH-M2; 250, 270, 28'3 
granulalion, 73-74 
imnpet,us, 57, 73 
paramctem, 61 
pyro powder, 323 
IIDX, 289, 322, 327 
-research ~cconmnlendations, 327, 629- 

630 
Powdcrs, buvning process 

see Burning of powder 
Powders, composition 

changes in nibroglycerin content, 327 
changes t,o mitigate erosion, 283, 300, 

307, 325-327 
effect on burning rate, 27 
eil'cct on gun prosion, 297, 299-300, 

307, 326-327 
l'crrosilicnns, 327 

Powders, double-base, erosivenesm 
cornparison with single-base, 308, 

326 
elcct,ron diffraction cxamirlatioas of 

erodecl specimens, 249 
erosion  product,^, 248-251, 267 
PNH-M2 powdcr, 250, 270, 289 
licl~efact~ion of hore surface, 266 
thermo(1ynamic consideraiinns, 2.50- 

251, 326 
X-ray examination of eroded speci- 

mens, 248-251, 310 
Pou-dcrs, erosiveness, 28&289,308-327 

blaclr powder, 207, 299 
caliber .50 tests, 309-310, 318-322 
dependence on gas tenlperature, 251 
dilnensionnl erosion rate vs flame 

- temperature and hcat input, 
324-325 

cffect of composition, 251. 
erosion ratc, 321 
erosion vent plug tests, 310-31 1,322- 

323 
heat i uput vecsus flame tenlperaturc, 

325 
n~lt~igation, 283, 300, 307, 325-327 
pie-ngraved projectiles, 600 
R.I>X powders, 322, 327 
thernlal transformat,ivn vs. flame 

tcmnperature, 32.5 
types of powder tested, 311-,313 

Pondcrs, single-base, erosiveness 
carbon penetration into gun steel, 

288 
comparison with double-base, 308, 

326 
electron diffraction esarnination of 

eroded specimens, 249 
erosion products, 247-251, 267 
FI1'I-I-311. powder. 250, 270 
liquefaction of bore surface, 266 
outer n-hiie layer, 247 

thcrmodynanlic c~nsidurat~ions, 250- 
251, 326 

X-ray esarnination ol erodcd speci- 
mens, 248-251, 310 

Pre+ngraved projectiles, 523-533,591- 
608 

accuracy, 597 
band material, 598-600 
bore friction, 145-147 
cadnlium-[~lated, 599 
design, 14, 523-525 
double engraving, 59.5 
effect on powder gas pressure, 594- 

596 
erosion, 313-317, 595, 600-603, 606 
exterior ballislics, 528-532 
interim. ballistics, 525-527 
manufacturirlg techniques, 529, 533 
parco-lubrixcd, 275, 5!)9 
poardcw for, GOO 
research rccommsndations,'630 
yaw, 526-527 

Prwngraved projectiles, guns for fir- 
ing, 591-608 

.50 caliber, 692, 59&599, 601 
37-rnm gun, T 47; 603-606 
90-mrn gun, 606-608 
chromium-plated bores, GW60.3 

Prc-engraved projectilcs, loading and 
indexing mechamlism, 551-556 

Browni~lg caliber .50 ~nachimle gun, 
551-552 

Johnsorl 20-mm autoxnat,ic aircraft 
guns, 552-563 

modification of guns, 551-552 
modified Bofors 40-mmn medianism, 

553, 555-556 
Pre-cngravcd projcctiles, tJc81;s, 591-600 

effect of band materrd, 598-600 
effect of gas leakage on erosion of 

gun steel, 592-594 
effect of t,ypc of powdcr, 600 
effect on accuracy, 597 
erosion studies, 313-317 
~rlethods of l,cst,ing and measure- 

ment, 591-592 
pressure and. velocity, 594-596 
T47 gun, 603-606 

Pressure in guns 
effect of gas leakage, 202 
effect of temperstwe, 122-123 
cffect on burning rat,e of powder, 35 
gauges for measurement, !)I-92 
in recoil cylinders, 82 
in water penetraterl by a. projectile, 

184-187 
powcler gas, 31-32, 80-81, 91-92, 

305-306 
pre-engraved projectiles, 594-596 
pressure-time curves, 81, 1.36-137, 

145 
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pressure-travel t curves, 68-65, 68, 
13&139, 607 

rotating gun-btinds, 129-130, 152- 
162, 521-523 

Probcrt systcin of gun rifling and pro- 
jectile banding, 517 

Progressive stress-damage, 260, 279 
Pl,ojectilc bands, rotating 

37-mm, 534-535 
75-rnm, 535-536 
caliber .50 projectilcs, 533-534 
design, 533-536 
effect, of cadmiurn plating, 635 
engraving, 158-1 59 
erosion tests, 534 
low-st,ress Lypes, 533-536 
melting, 100, 130, 135, 454 
pre-engraving; see Pw-engraved pro- 

jectiles 
sheai'iag, 202 

Projec1,ile engravir~g 
see also Pre-engraved projectilcs 
bore friclion, 12!3-130 
efrect of Fisa pr~t~cctor, 611. 
forcc required, 129, 533-534 
heat, 09-"100, 318-319 
irldication of stability, 465 
process, 158-159 
relation tto erosion, 275 
relation to powder pressure, 594 
sl;r.esses, 275 

Yrojcctiles 
see ulso EIyper~clocit~y projectiles 
abraaive acttion, 275, 591 
acceleration, 79, 133-134 
center (31' pressure, 173 
characteristics, 176-1 79 
compar.ison of st,andar.d and hyperve- 

locity, 163 
deceleration, 79 
design, 518-536 
energy; see Energy of p1,ojectiles 
erosive effects, 275-276 
finned, 160 
liead shapes, 176 
jump ratio, 526 
norlnt~l force, 174 
parco-lubrieecl, 27.5, 590 
research l,econllncndations, 630 
rota,ti~ig bards; see Projec1;ilc bands, 

rot,at,ing 
~hs t~ te r ,  189-1 91 
stabilily, 169-170, 176-177, 515, 

559-560 
trajectory, 63, 78-79, 83, 130, 133, 

177-179 
velocli,y, 91, 515, 5!)4-596, 619- 

624 
yaw; see YLLW- of projectilcs 

I'roject1ilcs, stresses, 518-523 
asinl stress, 523 

band pressure, 621.-522 
British metl-~od of investigation, 522, 

536 
criterion of failure of a shell, 522- 

523 
detection of defects, 536-537 
external forces, 519 
formulas for shell design, 521-522 
high-explosive, 519 
hoop stress, 162,523 
limitations of theory, 620-521 
longitudinal stress, 1.53, 624-625 
method of csl~ulat~ing, 523 
Mises-Benclry theory, 522 
shear, 522 
skirted projectiles, 573-575 
stzemes in base artd wslls, 520 
tangential slress, 51 5, 523 
lypes, 519-520 
yield strength, 523 

Projectiles, types 
armor-piercing, !>-SO, 189-192, 557- 

558,585-590,626-628 
artillery-type for crosion-tcst>ing gun, 

313, 315-31.6, 695 
cadmium-lAat,ed, 354, 535, 599 
conical-headed, 175-177 
deformahle, 169, 1.91 
nondeformable, 1'31-192 
pre-cngra,ved, 313-317, 523-533, 

551-556,591-608 
sabot, 1.69-170, 557-568, 585-587 
skirted, 569-590, 620 
spin-st,abiliacd, 510, 51 5 
subcaliher, 16.5-170, 618-628 
tungsten carbidc-cored; see Tungsten 

carbide-cored projectilcs 
Propellants 

see Powders 
Protractor for differentiating curves, 

94-95 
Yulsers, electronic, 86 
Pump plating of gun barrels, 114 
Pyro powder, erosiveness of, 823 
Yyrolilic plating, 418-439 

.see n2h.o Klectrople,ted costirlgs 
carbonyl chemistry, 419-420 
chromium, 434-439 
molyl,denurn, 420-433 
refractory metalu, 41.8 
l;llrlgstcn, 433-434 

Pyromcter, photoelectric 
appa,ratus, 46-47 
clcsign prir~ciplcs, 46 
radiation pyromcter, 92,94 

Pyi,rohotitme in eroded guns, 254 

Radial stress from projectile bands, 
152 

lladial-deflection scanucr, 156-1 57 

effec,t 011 burning rate ol powders, 27- 
28 

eficct 011 cooling ol guns, 126 
effecl on he~tting of guns, 99 
from powder gas; see Powder gas, ra- 

diation 
Radiation pyr~rnet~er, 46-47, 92, 94 
Radioactive carbon, 33-35, 285 
Radioactive sulfur, espcrimcnls on ero- 

sion in guns, 296 
Radioaci;ive tracers, gun erosion stud- 

ies, 240-243 
clemonst,ration of equilibriun*,240-241 
Geiger-Mueller count;ers, 242 
sampling, 241-243 
tempcratmc of specimen, 242-243 

Range of hypervelocity projectiles, 9, 
164-1.65, 202 

B.D. system of gun rifling and projec- 
l;ile bunding, 517 

R.DX powder 
erosiveness, 322, 327 
reaction producls, 289 

Recoil of gun 
see Gun recoil measurements 

Rccoilmctertl, 80, 56-87 
Becornmcndntions for Iuture research 

set: 12esearch rccornlnendations 
1Zecl:)rding apparatus for ballistic, mcns- 

urements, 83-86 
oscillograph and recorder, 83-85 
oscillograph calibrators, 85-86 
pulscrs, 86 
timing and developing of film, 86 

Refractaloy No. 70 
gun liners, 35 1-352 
ljhermochemicd erosiori rcsistance, 

407 
Research recommendalions 

bore friclion, 629 
rlrsg coefficient, 176-177 
elec1;roplated coatings, 417-41.8 
c~osion jn guns, 629 
gun liners, 368-369, 484, 620 
gun propella,nt,s, 620-630 
gun stjecl, 418, 482, 030 
hypervelocity Runs, 628-630 
int,erior ballistics of guns, 6ZS429 
Johnson 20-mm gun, 548-549 
lnolybdcnum ca,lbonyl, 424 
pilot plants for chromium-plating of 

gun barrels, 499-500 
pre-engmved projectiles, 630 
sabot-projed.iles, 030 
st~thilit~y of projectiles, 176-177 
Ixpered-bo~*e gun and sbilted projec- 

Liles, 690 
vapor-phase plating, 432-433, 439 
water pcnetration by hypervelooity 

projectiles, 187 



yaw of hypcrvclocity projecf;ilcs, 177 
Resistance gauge for powdcr-pressure 

mcasuremer~ts, 91-92 
Key~lcrld's numl:)cr, pre-engraved pro- 

jectiles, 529 
R.hocliurn, thcr~nochernical erosion re- 

sistance, 355 
lZiflirlg oC guns, 515-51.7 

dram- rifling, 503: 
nloilificatiorl for Fisa protector, 611 
pre-engraved projectiles, 551-556, 
Probert system, 517 
K.JI. system, 517 
tcquiremnents of hypervelocity guns, 

515-516 
strerrgt,h factors, 516-517 
swaging, 216-217, 275-276, 458-459, 

504 
torque on rifling, 516 - 

Rocket noxzlcs, mo1yhcler1u111-plnted, 
431. 

Rot:tting pl'ojectila band 
sec Projectile bands, rot,ating 

R.upl,ure disks in erosion vent plugs, 
225, 228, 31.0 

Sabot-projcct,iles, 557-568 
ballistic linlits, 585-587 
characteristics, 567 
comparison with skirtecl projcct,iles, 

586, 620 
conrlitions for opt>irxlutn armor perre- 

tration, 1.70 
description, 557 
eval~at~ion, 557-559 
ir~t#el,ior ballistics, 75 
plasl,ic, 562 
~*cquirements, 557 
research recorr~mcnrlat~ions, 568, 630 
stability, 16!)-170, 559--560 
time ol' flight, 165 

Sabot-projectiles, design, 15, 559-5fj2 
mat,erials, 562 
obturaOion, 5A2 
rcquirements, 550 
stabil i b y ,  55!)-5f50 

Sabot-~wojectiles, release mcthocls, 560- 
56% 

axial mleasc, 561, 565-567 
centrifugal release, ,560-361, 563-565 
cornbincd a s i d  arld ccntrifug:tl re- 

lease, 561-562, 564, 568 
gas pl.essurc, $61 

Sabot,-projcc,tiles, sixes, 582-567 
20-mm gun, 562-563 
75-rnrn gun ancl trowit,xcr, 563--564 
76-mnl gun, 564-563 
00-nlm gut), 564-567 
J 05-mm ho~vitaer, 566 

St. TTcnant rnasirnum strair~ theory, 
510 

Savage Arms Corporation, insertinn of 
gun lincrs, 504 

Sct~nncr, radial-deflection, 156-157 
Scoring by pow-der gas, 274 
75-mm guns 

band pressure mcasuremenls, 156- 
159 

p~*ojecCilc design, 535-536 
sabot-projectiles, 563-5(i4 

76-mm guns, 122, 2'14, 564-866 
Shear-energy theory, 510 
Sheffield Precisiuneire gauge, 487 
Shell stresses 

sea Projcct,iles, stresses 
Shoclc waves, 83 

conical, 171 
in w-ater penetrated by a bullet, 181- 

183, 187-188 
prcssurc as function of bullel: vclocity, 

186 
 upp press ion, 576-578 

Silichrome gu11 steel, 337, 352-353, 483 
Silicon steel. for gun lincrs, 353 
Silver., tl~c~~mochcmicel erosion resisl- 

aucc, 354 
Siaglc-base powders 

sce Powders, sirlgle-ljusc, erosiveness 
Skirted projectmiles, 569-500 

advantages ovcr sabot-type, 586, 620 
armor pcnct,rat,ion tests, 583-,590 
dcformation, 573 
design, 572-573 
research reco~mncndat,ions, 590 
at resscs, 573-57.5 
tungstcn carbide core, 572 
use in 57/40-nun gun, 57&572, 584- 

590 
velocity lirrrils, 576 

Skirted projeclilcs, tests, 579-685 
accuracy t,csts, 584-585 
cores, 583 
fiight chars~t~erislics, 581-583 
front sl~irl~s, 581 
rnl~i.cria1, 581 
reltr skirts, 580 
skirt position, 581 
windshield, 581, 683 

Sleeves for gun barrels, reir~forcing, 
47fj-477 

S F B  also Pisa protector for gun barrels 
Solenoids for de lc~~ni in in~  project.ile 

velocif,y, 91 
Snecilict~tioas 

chmmiunl-plated rnt~chinc gun b:tr- 
rels, 413, 460 

Johnson 20-mm gun, ,53&53cl 
nitrided mach,inc gun barrels, 459- 

460 
stcllitc-lined gurl burrcls, 413 

Spectral rh;tractcrist,ics of pox\-dcr gas, 
43-45 

Sphalcrit,~ in eroded guns, 253 
Spin-st,abilieed ~~rojcct~iles, 515 
SR-4 strain guugc, 90 
StnbiliLy of projectiles 

see ubso Subcaliber projcct,iles, stsbil, 
ity 

deformable projccl,ilcs, 169 
cmcct of yaw, 168 
effect on muzzle crclsion, 12 
recornrnendntions for future research, 

I 76-177 
sabot,-projectile, 163-170, 559-560 
spin-stabilized, 515 

St,ar gauges, 196-1!)8 
curves, 1'36-107, 467 
erosion tests, 222 
1 ~ 7 0 -  and three-point gauges, 197 

St.avc-type gun liners 
see &lolrbderitrrri gun liners, strive- 

t,y~!e 
Steel, djfiusion of  element,^ thr~ough, 

267-272, 284-296 
ct~rbon, 2fi4, 267.-271., 284-298 
hydrogen, 271-275, 296 
nit,rogn, 264, 267-2613, 272, 300-,304 
oxygen, 269-271 
sulfur, 206-300 

Steel, eLl'cct; of pox%-cler gas 
S E B  P ~ \ ~ d e r  gas, erosive effects 

Stccl for gun ban,els, 418, 480-481 
Chro-mow, 483 
critical ternpcrnture, 262-2G.3 
Eselloy, 484 
k l l h  g~nde  160; 483 
isothcrnlnl tra~lsfomation iliagram, 

275 
microstrurt,urd constituents, 265 
molybdcnum steels, 353, 381-382, 

48% 
rlickcl xncl cobrtlt st,ccls, 352 
nitralloy, 476 
nitricled slccl, 353, 401-402, 45S460 
Peerless A, 483 
ph~*sicnl properties, 275,363,373,418 
Potonlac die-s(,c:cl, 470, 183-484 
research recornmc~~d~Lions, 482, 630 
Silichrome, 337, 352, ,183 
silicon, 353 
st,uinless, 351. 
Temples, 482 
thermal. esp:~nsion, 51 3 
Tirnlien 1722A, 483 
r ,  T I. h hot die slcrl, 48.11 
1;ungsten stccls, 352-333 
Xl3 vdvc stee,l, 483-484 

Sted for projectiles, 191, 557, 581 
Stcel gun lir~crs, replnceablc, 506-509 

design, 14, 507 
lincd n-ith stellil,c, 615 
90-mn~ 1 j  ncr, 507-509 
purpose, 506-507 
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Stellite, metallurgy and properties, 
391-397,401-404 

availability, 396-397 
carbon contcnt, effect on structure, 

394 
chemical composition, 392-393, 402, 

407 
decarburization, 402 
ductility, 392 
hardness, 395, 401 
heat treatment, effect on structure, 

394,402 
hot working, 402 
mnchincabilit,y, 390 
mechanical properties, 396 
melting ranges, 331, 348, 396 
metallographic examinatlion, 393- 

394 
ni Lriding, 401 
specific gravity and densit,y, 395 
st,rengt,h a t  high t,empcratures, 395 
bhcrm~l cocfficicnt:s, 305-396 
thermochemical resist,nnce, 391 
volume and dimensional st,ability, 

394-395 
work- and age-hardening, 394 
working properties for forging arid 

rolling, 395 
X-ray examination, 394 

Stellite gun liners, 351, 397-406, 443- 
457 

coating met,hods, 397-398 
design, 39&399, 404-405, 443-446, 

503-509 
erosion, 124, 34&349 
for caliber .30 barrels, 454-456 
for caliber .50 barrels, 404, 44-454, 

473-484 
for caliber .60 barrels, 45ti-457 
for cannon, 405, 615616 
infusion and incasting, 398, 404 
in~nelting, 404 
insertion, 403, 443440, 503-508 
int,egral chamber, 457 
lcngt,h, 403, 473, 475 
liners in series, 404 
manufacturing methode, 451-454 
pilot plarlt,s, 451-453 
plat,ing of barrels; see Stellite-lincd 

and chromium-plat,ed gun bar- 
rels 

salvage, 453 
m prayed coatings, 399-401 
st,eel barrels, special, 482-484 
st,resses in, 155, 513 
thickness, 155, 403 
torch deposition, 398 
vclocit,y-life, 473 

Stellite-lined and chromium-plated gun 
barrels, 473-484 

accuracy- and velocity-life, 473, 478 

barrel steel, 48(t484 
cdiber .30; 471-472 
CGL firing schedule, 474-475 
design, 477, 479, 484 
effects of barrel weight, 477-480 
external reinforcing sleeve, 476-477 
performance, 403-401,485469,473- 

478 
plating procedure, 410-411, 414, 

486491, 495-499 
specifications, 413, 459, 491 
tests, 473, 475-476 

Stereoscopic microscope, 236 
St,rain gauges for measuring prnjcctile 

displacement, 9&91 
Baldwin-Southwark gauge, 90 
812-4; 90 
t,ypes of measurements, 82 

Struin measurements 
circumferential s1;r~~in in gun barrel, 

1,55-156 
deterlni~lation of bore frtiction., 132 
firing t,csts, 82, 106 

Strain-recordjng equipment,, 161 
Stress, erosivc effects, 230, 277, 279, 

510 
Stress in gun barrels, 51&515 

see also Band pressure of gun tubes 
caliber 50;  162 
circumferential, 155-1 56 
comprestiive, 511, 513 
dcsign procedure for cannon tubes, 

511-51 2 
equations, 51 1 
equivalent stress, 511 
failure, 510-511 
integrated stresses, 153 
Lam6 formula, 152, 511 
land erosion, 510 
liner stresses, 512-51 5 
longitudinal, 153, 524-525 
Mises-Hencky theory, 510 
progressivc stlass-damage, 279 
radial stress, 152 
St. Vcnant theory, 510 
shrunk-in liners, 512 
stave-type liner, 515 
stress distribution in a thick-wall 

tube, 511 
tangential, 152, 511 
tensile, 51 1 
thermal stress, 154-156, 277, 279, 

513-514 
Stress in projectiles 

see Projectiles, stresses 
Stress measurements of pr~ject~ile bands 

see Band pressure of gun t,ubes 
Stress raisers in  guns, 279 
Streseed erosion-vent apparatus, 230, 

272-275 
Subcaliber projectiles, 618-628 

~eealrro Sabot-projectiles; Skirted pro- 
jectiles 

armor penetrat,ion, 192, 026-628 
ba1list)ic coefficient, 165 
effectiveness of fire, 634-626 
flight charactcbristics, 365 
interior b&lI.llistics, 75 
military economics, 618-619 
pros and cons of subcaliber projectiles, ' * 

B1 !I-620 
tungsten carbide cores, 165, 572, 583, 

- 585-587, 620 
velocity gains 61 9-624 

Subcaliber projectiles, stabilit,y, 1.65- 
170 

deformable projectilcs, 169 
cffect of yaw, '168 
forlnula, 168 
rnet,hods of obtaining st,ability, 168- 

169 
rnonlent coefficient, 167 
over long arcs of the t,mjcctory, 167 
projectile fired fsorn a plane, 168 
sabot-projectiles, 169-170, 559-560 
t h ~ o ~ ,  165-166 

Subcaliber projectiles, velocity gains, 
619-624 

cffect of gun caliber, 622 
effecl of range, 622-624 
limiting effect of powder gas kinet,ic 

energy, 620-622 
Sulfides 

copper and zinc, 252-253 
hydrogen, 271-272, 292-294, 296, 

427 
identificat;ion in eroded guns, '240, 

252-253, 298-299 
Sulfur 

compounds, 252-253, 299 
effect on erosion, 246241, 252, 296, 

299 
pcnctration into steel, 299 
radioactive, 296 
reaction with carbon monoxide, 291- 

293 
reaction with gun steel, 296300 

Sulfur prints, 29F-299 t 

Supersonic cone, motion of, 1.70-179 
Swaging of rifling, 216217, 275-276, 

458-459, 504 

Tangential resistance in gun tubes, 511 
Tangential stress 

projectiles, 523 
stave-type liners, 515 

Tarltalum 
clectrodeposition lrom fused salt 

hatths, 409 
gun liners, 347 

Tapered-bore guns, 569-590 
adaptors, 571, 575-576, 579-580 
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dcsign, 15, 575-576 
57140-mm, 570-572, 580, 584-500 
interior ballistics, 75 

r suggst,ions for future drv-lopmeni, 
590 

tests, 578-580 
venting, 576-578 

rhodium, 355 
silver, 354 
stellil;~ No. 6; 391392 
~i~cllite Ko. 21; 391 
TEW st8ccl alloy, 407 
titanium, 354 
zinc, 354 

r 7 Jliermocouplcs 1'~)r lnea~ju~.ing gun trrrl- 
peratul.~, 105-106, 113 

I'hcrmodynan~irs of powdcr gas 
see You-dcr gas, t he~.~~~~c)rlynan~ira 

37-1n1n grrrl, T-17 
ballistic firings, 78 
botc friction rncasuren~er~ts, 144-148 
burning-rate ct:)nstanta fcbr po~-clers, 

27 
design, 6113-,605 
unurgy dist tihution of gun  poi^-clrr, 

1.51. 
erosion trst with prc-cngravcd pro- 

jectiles, 606 
heat input to bore surface, 101 
plbcssure-tirnc! curves, 145 

37-rnnl guns 
dcsign of projectiles, 534-535 
test,s wit,h F i ~ a  protector, 614 

37-mrn guns, bard pressure IrretLqurc- 
lucnt,s, 156159, 161-162 

apparatus and method, 156157 
band pressure per inch circumfcrcnce, 

157 
effective area of int,crfercnce (EAI), 

157 
friction coefficient, 157 
prediction of band pressures, 157 
pressure-t,ime curves, 145 
process of engraving, 158-1 59 
radit~l deformation, 156 

Thorium oxide refractories for melting 
molybdenum, 387 

Thread-collocating gauge for machining 
gun t 'uhs,  578 

3-in. gun 
antiaircraft, 124 
bore friction measurements, 136-144 
cnergy balauce during firing, 149- 

151 
lincrs, 249, 61G617 
Mark 3; 77-78, 101 
powder .gas te~nperature rraasure- 

ments, 48-51 
pressure and friction curves, 131 
pwssure-titnc curves, 81, 136-137 
pressure-travel curves, 68, 1.38-139 
70 caliber, 119-120 

3-in. gun, band pressure mcasuremen ts, 
15s lA1 

axial strain, 154 
graphicnl determination, lC&lGl  
t,angent ial strain, 153 

3.7-in. gun, 119, 121, 249 

I 
wear of gun, 57!f-580 

.rarget pat,ter~;s, moving, 448-449 . 
Temperat,ure, eflcct, on gun ~wrformarlcc 

see Gun firing, thermal effects 
Temperature-indicating paints, 106- 

107 
T1:3per>~l,me-tirru: curves For ~nachine 

gun b a ~ ~ ~ ~ c l s ,  116,-I 17, 481 
Temples gun st,eeI, advantages, 482 
Terminal ballistirs of hyperv~locit~y 

pr~ject~iles, 18g192 
armor perforation, 189-192 
di~rupt~ion of a liquid by prujcctile, 

I 18b189 
TEW st,cel alloy 

gun liners, 352 
resistlance to surface cr'aclcing, 335 
tlicrmoche~nical erosion resiatancc, 

407 
Thermal alt,erittion of bore kurfltcc 

Ti-Kovar (alloy) for gun t,ube sleeves, 
514 

Timing-pulse gmcrat,or, 86 
Tilnken 1722A gun steel, performance, 

483 
Titar~ium, therrrlochcmical erosion rc- 

sistance, 354 
T K  hot die stecl, 484 
Tracer isotopes, gun erosion studics, 

240-243 
dcmo~ltst~rat ion of equilibrium, 240- 

24 1 
Grigcr-Ylueller count,crs, 242 
sarn~>ling, 241-242 
Icmperature of specirr~en, 242-243 

Tracer photography, 83, 177-179 
Trajectory of projeclilcs, determina- 

tion frorn phot,op;raphy, 83, 177- 
179 

Transforrnrttion of surfacc layers 
see Dorc surface, t,hcrmal transfor- 

mation 
Trivalent chromium, 412 
Troostit,e band i r l  gun bore surf~ccs, 247 
Tubc stres~es 

see Stress in gun barrels 
Tungs te~~ 

alloys, 37t3, 417, 434 r 

carbonyl, 433 
chloride, 433 
gun liners, 34G347, 352-353 
vapor-phasc plating, 433434 

Tunglsteri carbide-cored projectiles 
armor perforation, 1!40, 192, 628 
skirted project,ilcs, 572 
stxcngth, 583 
subcaliber proje~t~iles, 165, B20, 628 

Tungteti  Elsctrodeposit Corporation, 
f.unp;sten alloy dcpositior~, 417 

Turhulent flow, 53, 286, 273, 613 
20-mm guns 

Hisparlo-Suiza, AN-hI2; 118, 121, 
123, 133 

Johnson, 538-548 
projectiles, 171, 5132-5f13 

L 

Univer~it~y of California, t,hcrnlsl nna- 
lyacr, 107 

see nore su~fitce, t,hermal tl~ansforma- 
tion 

Thermal analyzer, 107 
Thermal cffccts of gun firing 

are Gun  firing, thermal effect,s 
T11e1'mal shock, factor in gun erosion, 

261,277 
Therrnrtl softening of gun bores, 261- 

263 
devclopmenb of marten sit,^, 263 
heating process, 261-262 
mushrooming, 263 
single-shnt guns, 281-262 

Thermal stresws in gun barrels, 154- 
156 

circumfclcntial strain at  outer ~ u r -  
facc, 155-156 

cracking of bore surface, 277, 279 
liner insertion, 513-514 
st.rcsses a t  a point, 154-1 55 

Therrnindex paint E6; 107 
Ther~nochemical erosion re~istance of 

metals and alloys, 343-355 
aluminum, 354 
berylliurn, 354 
chromium-base alloys, 406-407 
cobalt, 347-348 - 

columbium, 354 
gold-palladium, 354-355 
hltrt,elloya, 407 
iridium, 355 
iron-bast! alloys, 406-407 
nickel-bwe alloys, 40G407 
Refractaloy No. 70; 407 

I 

Vapor-phase plating, 41&439 
see also Electroplated coatings 
cnrbonyl chemistry, 419-420 
chromium, 434-439 
molybdenum, 420-433 
refractory metals, 418 
research recommundat,ions, 432-433, 

439 
tungsten, 433-434 

Velocimct,ers, 86-90 
difft:rent8iatow for, 89-90 
linear. 8!) 



INDEX 

measurement of gunveloci1y- in recoil, 
80, 88-89 

rotnry, 88-89 
Velocity, mnuzale 

SBB Muzzle velor;jt,y 
Vcloci ty measurcmnents on gun barrcls 

see ulvo Velocity-life of caliber .SO 
gun barrels 

effect of chromium-plated bores, 458, 
463, 469, 60'2-603 

gun in rccoil, 80 
velocity-drop, 202, 508, 595-596 

Velocity of projectiles 
effcct on armor perforation, 19% 
meens of increasing, 66, 549-5.50, 

619-620 
pre-cngraved projectiles, 5'34-596 
solenoids for determining, 91 
spin-stabilized, 515 
subcaliber, 81 9-624 

Velocity-life ol caliber .50 gun bar- 
rels 

chromium-plated, 458, 486-4158, 4173, 
478 

stellit,c-lined, 450-45:1., 473, 478 
Vent plugs, erosion 

see Erosion vent-plug tests 
Vinyljte coatings for studying eroded 

gun bore surfaces, 236 

Wat>cr bdlistic pendulum, 184-1 85 
water gas reaction, 29, 32-33, 35, 269- 

271 
Water-cooled guns 

cool<-off tests, 121 
disadvantages, 127 
watcr jackets, 127 

Weapons, gas-operated 
see Johnson. 20-mnl gun 

White lnyer on erocled gun bores 
a~stenit~e, 247, 264 
carbon, 269 
remlloval technique, 256 
single-bs~e powders, 247 

Windshields for projectiles, 583 
Wjre-in-bore technique of interior bal- 

listic measurements, 95-96 
Wiistite in croded gun, 249, 253 

XB valve steel For gun barrcls, 483- 
484 

X-ray diffraction in gun erositon stud- 
ies, 237-238, 248-251 

bore surraces, 248-249 
carbon monoxide reactions, 291. 
comparison with electron diffraction, 

237 
erosion-testing gun barrels, 251, 310, 

32:l. 

hrecl metal particles, 249-250 
ide~t~ificatic~n of reo,ct,ion products, 

247-249, 291, 301 
8tellite No. 21; 394 
test bloclrs exposed to powder gases, 

2.19 
unidentified lines, 23'3, 2.54 
use of different wavelengths, ,235 
vent plugs, 228, 230 

Yaw of projcctiles 
effect of muzzle erosion, 2.11 
effect OIL drag coeciffient, 1.75-176 
effect on hypervelocity projectiles, 

170-175 
effcct on stability, 1.68, 463 
pre-engrr~ved, 526-527 
research rccornmende,tions, 177 
within gun bore, 526-527 

Zinc, t,hcrmochemic:tl erosion resist- 
ance, 354 1 

Zinc sulfirlcs (gun erosior~ product), 
232 

Zirconium, deoxidiaer for chromium, 
359360 

Zirconium-nickel gun liners, 350 




